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Can, and under which conditions, the 125-GeV SM-like scalar with the signal strengths for its
decays into W+W−, ZZ, γγ, bb¯ and τ τ¯ being consistent with experiments be accommodated in
models that go beyond the Standard Model? Is it truly what it appears to be, namely the SM
Higgs boson, or could it be quite different? A minimal extension of the original electroweak-scale
right-handed neutrino model, in which right-handed neutrinos naturally obtain electroweak-scale
masses, shows a scalar spectrum which includes either the 125-GeV SM-like scalar or a scalar which
is quite unlike that of the Standard Model, both of which possessing signal strengths compatible
with experiment. In other words, the 125-GeV scalar could be an impostor.
I. INTRODUCTION
The discovery of the 125-GeV SM-like scalar [1] and
the present absence of any new physics signals has opened
up a whole host of questions as to the true nature of the
electroweak symmetry breaking and to what may lie be-
yond the Standard Model. The sole existence of the 125-
GeV particle would leave unanswered several deep ques-
tions such as the origin of neutrino masses, the hierarchy
of quark and lepton masses among many others. It also
implies that the electroweak vacuum is metastable with
drastic consequences in the very far-distant future [2]. It
remains to be seen whether this most simple picture- al-
beit one with many question marks- will be the ultimate
theory of nature or it is merely an effective theory at
current accessible energies whose reality tests are incom-
plete and more non-SM phenomena will pop up in the
not-too-distant future with Run II of the LHC.
Despite the present lack of new physics at the LHC,
it does not imply that it is not there. On the contrary,
new physics has already appeared in the neutrino sector
through neutrino oscillation and its implication on neu-
trino masses. This evidence, although quite clear, is only
indirect and does not show where the new physics that
gives rise to the aforementioned phenomena may appear.
This difficulty in finding a direct evidence for the new
physics involved in generating neutrino masses is com-
pounded by the fact that these masses are so tiny, more
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than seven orders of magnitude smaller than the light-
est lepton: the electron. In the most generic scenario of
the elegant seesaw mechanism for generating tiny masses,
the right-handed neutrinos are sterile i.e. singlets under
the electroweak gauge group. In a nutshell, the two mass
eigenvalues arem2D/M andMR where the Dirac massmD
is proportional to the electroweak scale while the Majo-
rana mass MR is  mD. In addition to the fact that
νR’s are assumed to be electroweak singlets, the very
large values for M in a generic scenario makes it very
very difficult to probe the crucial physics, namely that
which gives rise to MR which is responsible for the light-
ness of the “active” neutrinos. Another facet of this new
physics is the Majorana nature of the “active” neutrinos
themselves which could manifest itself through neutrino
less double beta decays which so far have not been ob-
served. Through neutrino oscillations, we have a hint of
new physics but what it might be and where to look for
it is still a big mystery at the present time.
The aforementioned uncertainties rest in large part
on the assumption that right-handed neutrinos are elec-
troweak singlets. This usually comes from a certain
extension of the SM such as the Left-Right symmetric
model SU(2)L × SU(2)R × U(1)B−L [3] or the Grand
Unified model SO(10), among others. The L-R sym-
metric version has an advantage over the GUT version
in that the right-handed neutrino Majorana mass is pro-
portional to the breaking scale of SU(2)R which could be
much lower than a typical GUT scale and which could
open up the possibility for detecting right-handed neutri-
nos (and WR as well). A recent search for right-handed
neutrinos and WR at the LHC [4] has yielded a lower
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2bound of around 3 TeV for WR. Bounds on right-handed
neutrino masses were also presented in [4]. We will come
back to the aforementioned remarks below.
If one is however willing to entertain the idea that
right-handed neutrinos are not sterile, there is an entire
panorama of accessible phenomena that can be searched
for and studied. A non-sterile right-handed neutrino nec-
essarily interacts with the electroweak gauge bosons and
the Majorana mass term is expected to carry the elec-
troweak quantum number and hence is proportional to
the electroweak breaking scale. Right-handed neutrinos
could then be searched for both from an interaction point
of view and from an energetic one. A model of this kind
was put forth by one of us (PQH) [5] (the EWνR model).
In the EWνR model [5], right-handed neutrinos are
parts of SU(2) doublets along with their charged part-
ners (the mirror charged leptons). Anomaly freedom
dictates the existence of doublets of right-handed mir-
ror quarks. The particle content of the model is listed
in the next section. The existence of extra doublets of
chiral fermions, the mirror quarks and leptons, is poten-
tially fatal for the model because of their contributions
to the electroweak precision parameters, in particular the
S-parameter. Those extra chiral doublets would make
a “large” contribution to the S-parameter, an undesir-
able outcome. Fortunately, the EWνR model contains
a Higgs triplet which makes opposite contributions to
the S-parameter and thus offsetting those of the mirror
fermions. An exhaustive study of the electroweak pre-
cision parameters within the framework of the EWνR
model has been carried out in [6] with the main result
being that there is a large parameter space which satis-
fies the precision constraints.
The EWνR model in its original inception [5] contains,
beside one Higgs doublet which couples to both SM and
mirror fermions, two scalar triplets, one (complex) with
hypercharge Y/2 = 1 and another (real) with Y/2 = 0.
Out of the thirteen degrees of freedom (4 for the doublet,
6 for the complex triplet and 3 for the real triplet), three
are absorbed by W’s and Z and the remaining ten be-
come physical degrees of freedom. Can one of those ten
physical scalars describe the observed 125-GeV SM-like
scalar? If not, what minimal extension would be needed
for that purpose? Where and how does one look for the
more massive scalars which could be CP even or odd?
The plan of the paper is as follows. Section II will be
devoted to a summary of the EWνR model with its par-
ticle content and, in particular for this paper, its scalar
sector. For completeness, the electroweak precision pa-
rameter constraints will also be summarized. Section III
presents some of the salient points concerning the scalar
sector of the original EWνR model. A particular atten-
tion is paid to what this sector has to say about the
125-GeV SM-like scalar. We show why the lightest spin-
0 particle has to be CP-odd if one wishes to identify it
with the 125-GeV object. This has to do with the fact
that the production cross section for the scalar is very
large compared with the equivalent SM quantity. This
occurs when a single Higgs doublet couples to both SM
and mirror fermions. The CP-odd option unfortunately
is ruled out by the likelihood analysis which favors the
CP-even case [7]. At the end of this section we present
a simple extension of the original model by adding one
extra Higgs doublet. In this extension, by imposing a
global symmetry, one Higgs doublet is made to couple to
SM fermions while the other one couples only to mirror
fermions. The scalar mass eigenstates and eigenvalues are
shown as well as their couplings to fermions and gauge
bosons. Section IV A discusses the implications of the
extended model in light of the existence of the 125-GeV
SM-like scalar. We will show in that section the dual
nature of the 125-GeV SM-like scalar and only further
measurements can tell whether or not it is an “impos-
tor”.
II. THE EWνR MODEL: A SUMMARY
The main idea of the EWνR model [5] was to search
for a model in which right-handed neutrinos naturally
acquire a mass proportional to the electroweak scale
ΛEW = 246 GeV. For this to occur, the most natural
way to implement this idea is for right-handed neutrinos
to be non-sterile. In particular, the simplest way is to put
them in doublets along with right-handed mirror charged
lepton partners. In this manner, a Majorana mass term
of the type MνTRσ2νR necessarily carries an SU(2)×U(1)
quantum number and transforms like an SU(2) triplet.
(Details are summarized below.) As shown in [5], a new
Higgs sector including triplets is needed and it obviously
participates in the symmetry breaking of the electroweak
gauge group. The EWνR model of [5] is highly testable
for the following reasons: 1) νR’s are sufficiently light; 2)
νR’s couple to W and Z and can be produced through
these couplings; 3) The presence of an extended Higgs
sector.
At this point, a comparison with the popular Left-
3Right symmetric model (L-R model) is in order here.
Basically, one would like to probe the physics that gov-
erns the right-handed neutrino Majorana mass scale MR
since it is a cornerstone of the seesaw mechanism.
As we will review below, the gauge structure of the
EWνR model [5] is the same as that of the SM, namely
SU(2)× U(1). The gauge structure of the L-R model is
SU(2)L × SU(2)R × U(1)B−L. As a result, the highest
mass scale of the EWνR model is ΛEW ∼ 246 GeV, while
the L-R model is characterized by two scales: ΛL and ΛR
with ΛR being generally much larger than ΛL. The νR
Majorana mass is proportional to ΛEW in the EWνR
model and is naturally “light” while, for the L-R model,
it is proportional to ΛR and could be “heavy”.
The next difference lies in the production mechanism
and detection of νR’s. In the L-R model, νR’s are pro-
duced through the process u¯ + d → WR → N + l [8].
In contrast, the production of νR’s in EWνR model pro-
ceeds through q + q¯ → Z → νR + ν¯R or νR + νR (νR is
a Majorana particle). Since MZ is the mass scale that
enters the production cross section for νR in the EWνR
model, one expects the number of events characteristic
of that model to be significantly larger than that for the
L-R model which is controlled by MWR , making it much
easier to probe signals such as like-sign dileptons [5].
To summarize, the main difference between the EWνR
model and the L-R model is the question of energy scales.
Right-handed neutrinos in the EWνR model have masses
proportional to ΛEW and hence are accessible experi-
mentally through the direct coupling with the Z-boson
at present (and future) colliders. Its physics is bounded
by the electroweak scale. The scale ΛR of the L-R model
on the other hand is unknown and is only bounded from
below experimentally. It would be much harder to probe
SU(2)R if that scale turns out to be much higher than
the present experimental bound of 3 TeV ’s. The direct
evidence for the seesaw mechanism through the produc-
tion and decay of νR is certainly within the reach of the
EWνR model, both from the energetic and production
points of view.
Next, concerning the scalar sector, the Higgs triplet
of SU(2)R could be quite heavy, its mass being propor-
tional to ΛR. The physics of the Higgs triplet of the
EWνR model is controlled by the electroweak scale and
its existence (or non-existence) can hopefully be verified
in Run II of the LHC. This is the subject of the present
manuscript.
Last but not least, the L-R model can be embedded in
a grand unified group SO(10). As mentioned in [5], the
EWνR model can be embedded in the group E6. How-
ever, we consider the testability of the EWνR model to
be more important than its embedding in a GUT group.
A. Gauge structure and particle content of the
EWνR model
Below is a summary of the gauge structure and particle
content of the minimal EWνR model of [5]. The notations
for the leptons and quarks are generic for any family.
• Gauge group: SU(3)C × SU(2)× U(1)Y
• Lepton SU(2) doublets (generic notation):
SM:
lL =
(
νL
eL
)
; (1)
Mirror:
lMR =
(
νR
eMR
)
. (2)
• Lepton SU(2) singlets (generic notation):
SM: eR ; Mirror: e
M
L
• Quark SU(2) doublets (generic notation):
SM:
qL =
(
uL
dL
)
; (3)
Mirror:
qMR =
(
uMR
dMR
)
. (4)
• Quark SU(2) singlets (generic notation):
SM: uR , dR ; Mirror: u
M
L , d
M
L .
• The Higgs sector:
a) One Higgs doublet: Φ. This Higgs doublet cou-
ples to both SM and mirror fermions.
b) One complex Higgs triplet with Y/2 = 1 con-
taining doubly-charged scalars:
χ˜ =
1√
2
~τ .~χ =
(
1√
2
χ+ χ++
χ0 − 1√
2
χ+
)
. (5)
c) One real Higgs triplet with Y/2 = 0:
(ξ+, ξ0, ξ−) . (6)
d) One SM singlet Higgs: φS .
4B. Symmetry breaking in the EWνR model
SU(2) × U(1) is spontaneously broken by the vac-
uum expectation values (VEV) of the Higgs doublet
and triplets. The Higgs potential [5, 9] has a global
SU(2)L × SU(2)R symmetry. The triplets transform as
(3, 3) and the doublet as (2, 2) under that global symme-
try. Specifically,
χ =
 χ0 ξ+ χ++χ− ξ0 χ+
χ−− ξ− χ0∗
 , (7)
and
Φ =
(
φ0 φ+
φ− φ0
)
. (8)
Proper vacuum alignment dictates 〈χ0〉 = 〈ξ0〉 = vM i.e.
〈χ〉 =
 vM 0 00 vM 0
0 0 vM
 , (9)
〈Φ〉 =
(
v2/
√
2 0
0 v2/
√
2
)
. (10)
These VEVs leave an unbroken SU(2)D custodial sym-
metry i.e. SU(2)L × SU(2)R → SU(2)D. This ensures
that ρ = M2W /M
2
Z cos
2 θW = 1 at tree level and one now
has
v =
√
v22 + 8 v
2
M ≈ 246 GeV . (11)
As discussed in [6, 10, 11], with respect to SU(2), the
two triplets (one real and one complex) and one dou-
blet sum up to 13 degrees of freedom, 3 of which are
Nambu-Goldstone bosons absorbed by W’s and Z leav-
ing 10 physical degrees of freedom. Under the custodial
symmetry SU(2)D, these transform as
five-plet (quintet)→ H±±5 , H±5 , H05 ;
triplet→ H±3 , H03 ;
two singlets→ H01 , H0′1 .
The expressions for the scalar states can be explicitly
found in Eq. (39), by setting s2M → 0 and Φ2M → 0.
C. The seesaw mechanism in the EWνR model
The main purpose of the EWνR model was to pro-
vide a scenario in which right-handed neutrinos are non-
sterile and get their masses out of the symmetry break-
ing of SU(2)×U(1). A Majorana mass term of the form
MR ν
T
R σ2 νR in the EWνR model comes from the follow-
ing Yukawa interaction:
gM l
M,T
R σ2 χ˜ l
M
R , (12)
which gives
gM ν
T
R σ2 νRχ
0 . (13)
The right-handed neutrino Majorana mass is now in-
trinsically linked to the breaking scale of SU(2) × U(1)
through the VEV of χ˜ as
MR = gM vM . (14)
As stressed in [5], MR is bounded from below because νR
are now members of an SU(2) doublet and would con-
tribute to the Z-boson width leading to the lower bound:
MR ≥MZ/2 ≈ 46 GeV . (15)
As discussed in [5], a global symmetry U(1)MF (re-
ferred to as U(1)M in [5]) was imposed so as to forbid a
term of the form gLl
M,T
L σ2 χ˜ l
M
L which would give a large
Majorana mass gLvM to the left-handed neutrino, unless
gL is unnaturally fine-tuned to be tiny. As discussed in
[5], this is accomplished by the following transformation
properties: (lMR , e
M
L )→ eıαMF (lMR , eML ), χ˜→ e−2ıαMF χ˜
and φS → e−ıαMF φS , with all other SM particles being
U(1)MF singlets. We will come back to this symmetry
and its extended version below.
A Dirac mass term is of the form mD(ν
†
L νR + h.c.).
This is a product of two doublets and the simplest choice
for the Higgs scalar is an SU(2) singlet with zero hyper-
charge, namely φS .
LS = gSl l¯L φS lMR +H.c. . (16)
With 〈φS〉 = vS , the Dirac mass is given by
mD = gSlvS . (17)
The magnitude of the light neutrino mass given by
mν =
m2D
MR
< O(eV ) , (18)
implying vS ∼ O(105 eV ) if we assume gSl ∼ O(1) or
vS ∼ O(ΛEW ∼ 246 GeV) for gSl ∼ O(10−7).
D. Constraints from electroweak precision data
The presence of extra SU(2) doublets of chiral fermions
in the form of mirror fermions would seriously affect the
5constraints from electroweak precision data. As first
mentioned in [5], the positive contribution of mirror
fermions to the S-parameter could be compensated by
the negative contribution to S from the Higgs triplets. A
detailed analysis has been performed in [6] which showed
that there is a large parameter space in the model which
satisfies the present constraints of the electroweak preci-
sion data. A sample of the plots summarizing the scatter
plots of the model is given below. In those plots, we had
3500 points inside the 2σ constraint. Among them, 100
points fall inside the 1σ region. The number of these
data points were taken for illustrative purpose and could
be larger with a longer program run time. Moreover,
it is possible to find any combination in the parame-
ters space, mZ ≤ mH ,mqM ≤ 600 GeV, 150 ≤ mlM ≤
600 GeV, mZ/2 ≤ mνR ≤ 600 GeV, that can satisfy the
constraints. As one can see, the size of parameter space
in the model is not fine-tuned. This is illustrated in the
figures below.
S˜ and T˜ are new Physics contributions to the S and
T parameters respectively. One can see from Fig. 1 that
the EWνR model satisfies very well the constraints from
the electroweak precision data and has passed the first
(indirect) test.
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FIG. 1. Total T˜ versus S˜ with the 1 and 2 σ experimental
contours
Here and in [6], S˜ and T˜ are defined as the sum of the
contributions from the scalar and mirror fermion sectors,
namely S˜ = S˜S + S˜MF and T˜ = T˜S + T˜MF . For clarity,
we also show the plots of S˜S versus S˜MF and T˜S versus
T˜MF .
MFS
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FIG. 2. Constrained S˜S versus S˜MF
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FIG. 3. Constrained T˜S versus T˜MF
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FIG. 4. Constrained T˜ versus mass splitting between eM and
νR: (meM −MR)
From these plots, one can see that the mirror fermions
within a doublet generally tend to be non-degenerate al-
though they can as well be degenerate (Fig. 4). The
mass-splittings within a mirror quark generation yield
a similar-looking plot, not shown here. (The statement
made in [6] which is based on a thorough analysis is more
accurate than that made in the original paper [5] con-
cerning the size of that mass splitting.) The interesting
phenomenology of the mirror sector is beyond the scope
of this manuscript and is under investigation.
Throughout the analysis, one can see the importance
of the negative contributions coming from the scalar sec-
tor which provides a counterweigh to the positive ones
coming from the mirror fermion sector in such a way
that the sum of the two stays within the 2σ constraint.
This is certainly not a fine-tuning procedure, since we do
not require precise cancellations between the two sectors.
Further details can be found in [6].
An important point which is worth repeating here is
the role played by the scalar triplet in regulating the new
physics contribution to the S and T -parameters. In fact,
it has been pointed out in [6] that the contribution to S
from the scalar triplet can be made increasingly negative
by increasing the mass of the doubly-charged Higgs as an
example. This can offset the positive contribution coming
from the mirror fermions. One can see the importance
of the scalar sector, in particular the Higgs triplets, in
making the EWνR model consistent with precision data.
The next step is to examine constraints coming from
direct searches of the Higgs boson.
E. Constraint on the “minimal” EWνR model from
the 125-GeV SM-like Higgs boson
By “minimal” we mean that the Higgs structure is
as described above: one Higgs doublet and two Higgs
triplets. Some phenomenology of these scalars has been
investigated in [10]. This topic will be revisited in a fu-
ture publication. For the purpose of this manuscript, we
shall focus on the four neutral states: H05 , H
0
3 , H
0
1 and
H0′1 and in particular H
0
3 and H
0
1 since the other two do
not couple to SM and mirror fermions [6]. H03 and H
0
1
are CP-odd and CP-even respectively. As shown in [6],
because of the coupling gH01 qq¯ = −ı
mqg
2mW cH
, the gluon
fusion production cross section for H01 was estimated to
be σEWνR & 49σSM where the factor 49 = (1 + 6)2
takes into account the contributions from the top and
mirror quarks. This alone practically ruled out H01 as
the 125-GeV SM-like scalar. Also, since the coupling to
fermions are very similar to that of the SM, modulo the
factor 1/ cos θH , the various branching ratios (BR) are
expected to be of the order of those of the SM and the
signal strengths (µ = (σ×BR)/(σ×BR)SM ) will largely
exceed observations.
It was shown in [6] that the CP-odd (pseudoscalar) H03
could, with the appropriate choice of parameters, can fit
the bill for being the 125-GeV object both in terms of
the production cross section and in terms of branching
ratios. However, a likelihood analysis ruled this option
out by more than 3 σs [7]. Although a measurement of
the spin and parity of the 125-GeV object is yet to be
performed, it is fair to assume that it is more likely to be
a 0+ state.
As one can see, the reason why the CP-even H01 has
such a large gluon fusion production cross section (at
least 49 times larger than the SM one at at same mass)
is because it comes from the Higgs doublet (the real part
of the neutral component) which couples to SM fermions
as well as mirror fermions. The loop controlling the gluon
fusion production of H01 is dominated by the top quark
and the mirror quarks giving rise to the factor of 49 men-
tioned above while it is dominated only by the top quark
contribution in the SM. An extension in the Higgs sector
of the minimal EWνR model is needed. This is shown in
the next section.
7III. EXTENDED EWνR MODEL
The simplest extension- and, in fact, the most natural
one - of the minimal EWνR model is to have two Higgs
doublets with one coupled to SM fermions and the other
one to mirror fermions. One extra Higgs doublet leads to
4 more degrees of freedom. To prevent cross coupling, a
global symmetry will be imposed. Basically, we introduce
the following Higgs doublets along with the correspond-
ing global symmetries U(1)SM × U(1)MF :
U(1)SM : Φ2 → eıαSM Φ2
(qSML , l
SM
L ) → eıαSM (qSML , lSML ) , (19)
U(1)MF : Φ2M → eıαMF Φ2M
(qMR , l
M
R ) → eıαMF (qMR , lMR ) , (20)
φS → e−ı(αMF−αSM ) φS , (21)
χ˜ → e−2ıαMF χ˜ . (22)
All other fields (SU(2)-singlet right-handed SM
fermions, left-handed mirror fermions) are singlets under
U(1)SM × U(1)MF .
These symmetries will forbid, at tree level, Yukawa
couplings of the form gY f¯LΦ2MfR and gY f¯
M
R Φ2f
M
L .
Only Yukawa interactions of the type gY f¯LΦ2fR and
gY f¯
M
R Φ2Mf
M
L are allowed. The Yukawa couplings of the
physical states to SM and mirror fermions will involve
mixing angles. This is detailed below.
When a Y = 1 complex scalar doublet is added to
the minimal EWνR model, under the global SU(2)L ×
SU(2)R we have the following scalar fields:
Φ2 =
(
φ0,∗2 φ
+
2
φ−2 φ
0
2
)
, (23)
Φ2M =
(
φ0,∗2M φ
+
2M
φ−2M φ
0
2M
)
, (24)
and
χ =
 χ0 ξ+ χ++χ− ξ0 χ+
χ−− ξ− χ0∗
 . (25)
Proper vacuum alignment for SU(2)L×U(1)Y → U(1)em
gives
〈Φ2〉 =
(
v2/
√
2 0
0 v2/
√
2
)
, (26)
〈Φ2M 〉 =
(
v2M/
√
2 0
0 v2M/
√
2
)
, (27)
and
〈χ〉 =
 vM 0 00 vM 0
0 0 vM
 . (28)
Thus, the VEVs of real parts of Φ2, Φ2M and χ are
(v2/
√
2), (v2M/
√
2) and vM respectively such that
v22 + v
2
2M + 8 v
2
M = v
2 , (29)
where v ≈ 246 GeV. We define
s2 =
v2
v
; s2M =
v2M
v
; sM =
2
√
2 vM
v
. (30)
Notice that apart from ξ, this model contains the same
number of triplet (χ˜) and the same number of doublets
(2: Φ2, Φ2M ) as the L-R model. The big difference comes
from the fact that the VEV of the triplet χ˜ is bounded
from above by the ΛEW ∼ 246 GeV, while the VEV of
the L-R triplet is only bounded from below by experiment
to be & 3 TeV [4].
A generic SU(2)L × SU(2)R preserving potential for
these scalars can now be written as
8V (Φ2,Φ2M , χ) = λ1
[
TrΦ†2Φ2 − v22
]2
+ λ2
[
TrΦ†2MΦ2M − v22M
]2
+ λ3
[
Trχ†χ− 3v2M
]2
+ λ4
[
TrΦ†2Φ2 − v22 + TrΦ†2MΦ2M − v22M + Trχ†χ− 3v2M
]2
+ λ5
[
(TrΦ†2Φ2) (Trχ
†χ)− 2 (TrΦ†2
τa
2
Φ2
τ b
2
) (Trχ†T aχT b)
]
+ λ6
[
(TrΦ†2MΦ2M ) (Trχ
†χ)− 2 (TrΦ†2M
τa
2
Φ2M
τ b
2
) (Trχ†T aχT b)
]
+ λ7
[
(TrΦ†2Φ2) (TrΦ
†
2MΦ2M ) − (TrΦ†2Φ2M ) (TrΦ†2MΦ2)
]
+ λ8
[
3 Trχ†χχ†χ− (Trχ†χ)2
]
. (31)
Note that this potential, like the one in the minimal
EWνR model is also invariant under χ→ −χ. Now it is
also invariant under the global U(1)SM×U(1)MF symme-
try. The vacuum alignment given above breaks the global
SU(2)L × SU(2)R down to the custodial SU(2)D. One
still has MW = g v/2 and MZ = MW / cos θW , but now
v =
√
v22 + v
2
2M + 8 v
2
M ≈ 246 GeV. It is found that three
‘massless’ Nambu-Goldstone Bosons can be obtained af-
ter spontaneous breaking of SU(2)L×U(1)Y to U(1)em,
when a condition λ5 = λ6 = λ7 imposed on the potential
above. Thus, the potential that should be used to find
the physical Higgs states is
V (Φ2,Φ2M , χ) = λ1
[
TrΦ†2Φ2 − v22
]2
+ λ2
[
TrΦ†2MΦ2M − v22M
]2
+ λ3
[
Trχ†χ− 3v2M
]2
+ λ4
[
TrΦ†2Φ2 − v22 + TrΦ†2MΦ2M − v22M + Trχ†χ− 3v2M
]2
+ λ5
[
(TrΦ†2Φ2) (Trχ
†χ)− 2 (TrΦ†2
τa
2
Φ2
τ b
2
) (Trχ†T aχT b) + (TrΦ†2MΦ2M ) (Trχ
†χ)
− 2 (TrΦ†2M
τa
2
Φ2M
τ b
2
) (Trχ†T aχT b) + (TrΦ†2Φ2) (TrΦ
†
2MΦ2M ) − (TrΦ†2Φ2M ) (TrΦ†2MΦ2)
]
+ λ8
[
3 Trχ†χχ†χ− (Trχ†χ)2
]
. (32)
After the spontaneous breaking of SU(2)L × U(1)Y →
U(1)em, besides the three Nambu-Goldstone Bosons,
there are twelve physical scalars grouped into
5 + 3 + 3 + 1 of the custodial SU(2)D with 3
custodial singlets. To express the Nambu-Goldstone
Bosons and the physical scalars let us adopt the following
convenient notation:
v =
√
v22 + v
2
2M + 8v
2
M ,
s2 =
v2
v
, s2M =
v2M
v
, sM =
2
√
2 vM
v
,
c2 =
√
v22M + 8v
2
M
v
, c2M =
√
v22 + 8v
2
M
v
,
cM =
√
v22 + v
2
2M
v
. (33)
Thus,
s22 + c
2
2 = s
2
2M + c
2
2M = s
2
M + c
2
M = 1 . (34)
[In the limit s2M → 0 i.e. the extended EWνR →
9minimal EWνR, sM → sH and cM → cH ]. Let us also
define, like we did for the minimal EWνR model,:
φ02 ≡
1√
2
(
v2 + φ
0r
2 + ıφ
0ı
2
)
,
φ02M ≡
1√
2
(
v2M + φ
0r
2M + ıφ
0ı
2M
)
,
χ0 ≡ vM + 1√
2
(
χ0r + ıχ0ı
)
; (35)
ψ± ≡ 1√
2
(
χ± + ξ±
)
, ζ± ≡ 1√
2
(
χ± − ξ±
)
, (36)
for the complex neutral and charged fields respectively.
With these fields the Nambu-Goldstone Bosons are given
by
G±3 = s2φ
±
2 + s2Mφ
±
2M + sMψ
±,
G03 = ı
(
− s2φ0ı2 − s2Mφ0ı2M + sMχ0ı
)
. (37)
The physical scalars can be grouped, as stated in the
previous section, based on their transformation proper-
ties under SU(2)D as follows:
five-plet (quintet)→ H±±5 , H±5 , H05 ;
triplet→ H±3 , H03 ;
triplet→ H±3M , H03M ;
three singlets→ H01 , H01M , H0′1 , (38)
where
H++5 = χ
++, H+5 = ζ
+, H05 =
1√
6
(
2ξ0 −
√
2χ0r
)
,
H+3 = −
s2sM
cM
φ+2 −
s2MsM
cM
φ+2M + cMψ
+,
H03 = ı
(
s2sM
cM
φ0i2 +
s2MsM
cM
φ0i2M + cMχ
0i
)
,
H+3M = −
s2M
cM
φ+2 +
s2
cM
φ+2M ,
H03M = ı
(
−s2M
cM
φ0i2 +
s2
cM
φ0i2M
)
,
H01 = φ
0r
2 , H
0
1M = φ
0r
2M ,
H0′1 =
1√
3
(√
2χ0r + ξ0
)
, (39)
with phase conventions H−−5 = (H
++
5 )
∗, H−5 = −(H+5 )∗,
H−3 = −(H+3 )∗, H−3M = −(H+3M )∗, H03 = −(H03 )∗ and
H03 = −(H03 )∗. The masses of these physical scalars can
easily be obtained from Eq. (32). Since, the potential
preserves the SU(2)D custodial symmetry, members of
the physical scalar multiplets have degenerate masses.
These masses are
m25 = 3(λ5c
2
M + λ8s
2
M )v
2 ,
m23 = λ5v
2 , m23M = λ5(1 + c
2
M )v
2 . (40)
In general, the H01 , H
0
1M and H
0′
1 can mix according to
the mass-squared matrix
M2singlets = v2 × 8s
2
2(λ1 + λ4) 8s2s2Mλ4 2
√
6s2sMλ4
8s2s2Mλ4 8s
2
2M (λ2 + λ4) 2
√
6s2MsMλ4
2
√
6s2sMλ4 2
√
6s2MsMλ4 3s
2
M (λ3 + λ4)
 .(41)
Hence, after the electroweak symmetry breaking generic
SU(2)D singlet mass eigenstates are given by: H˜H˜ ′
H˜ ′′
 =
 a1,1 a1,1M a1,1′a1M,1 a1M,1M a1M,1′
a1′,1 a1′,1M a1′,1′

 H01H01M
H0′1
 .
(42)
We denote the mass eigenstates by H˜, H˜ ′, and H˜ ′′. We
adopt a convention of denoting the lightest of the three by
H˜, the next heavier one by H˜ ′ and the heaviest state by
H˜ ′′. Thus, the 125-GeV candidate in the EWνR model
will be denoted by H˜. Here the 3 × 3 matrix on the
right-hand side lists mixings between H01 , H
0
1M and H
0′
1 .
To obtain the mass eigenstates, including the 125-GeV
candidate in this model, we need to diagonalize the mass
matrix in Eq. (41). Due to the complicated dependence
of Msinglets on many parameters, it is necessary to diag-
onalize Eq. (41) numerically. As a result, the elements of
the (numerical) eigenvector matrix {aij} depend on:
• Ratios of VEVs: s2, s2M , sM , and
• Scalar couplings: λ1, λ2, λ3, λ4.
It should be noted that in the limit λ4 → 0 the off-
diagonal elements in Msinglets vanish.
Such mixed physical scalars have interesting implica-
tions for decay properties of the 125-GeV as well as the
two heavier mass eigenstates. This is where we will focus
on in the next two sections.
A note on the pseudo Nambu-Goldstone bosons
in the EWνR model:
Last but not least is the important question concerning
whether or not Nambu-Goldstone (NG) bosons arise in
the spontaneous breakdown of the aforementioned global
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symmetry U(1)SM × U(1)MF . This issue has been dis-
cussed in [9] as well as in the original EWνR minimal
model [5]. The conclusion was the fact that there is a
term in the potential which is required for proper vacuum
alignment and which breaks explicitly the global sym-
metry (U(1)MF for the minimal model) and the would-
be NG bosons acquire a mass proportional to the corre-
sponding couplings. For the sake of clarity and also be-
cause we now also have U(1)SM in addition to U(1)MF ,
we will briefly review the essential points discussed in [9]
and [5].
Let us first look at the minimal model of [5] where
Φ2M is absent. Eq. (31) without Φ2M is of the same
form as that used in [9] where it has been shown that the
term containing λ5 is needed for proper vacuum align-
ment of Φ2 and χ so that SU(2) × U(1)Y → U(1)em.
In this minimal model, only the mirror fermions, χ˜ and
φS transform non-trivially under U(1)MF as shown in
Eq. (20) and Eq. (22) with all other fields being singlets
under U(1)MF including the SM fermions, Φ2 and ξ
±,0.
The term proportional to λ5 contains mixings such as
ξ0χ0, ξ+χ− and breaks explicitly the U(1)MF symme-
try. The would-be triplet of NG bosons, H±,03 , acquire a
mass proportional to λ5 as shown in Eq. (40). The proper
vacuum alignment (λ5 6= 0) prevents the appearance of
NG bosons in the minimal model!
The above argument can be generalized to the ex-
tended model with U(1)SM ×U(1)MF . The various fields
transform under U(1)SM ×U(1)MF as shown in Eq. (19),
Eq. (20) and Eq. (22). Again, one notices that proper
vacuum alignment requires the term proportional to λ5
to be present as discussed above. From Eq. (32), one
can again see that this term contains a mixing between ξ
and χ˜ and now also a mixing between Φ2M and Φ2. As
a result, U(1)SM × U(1)MF is broken explicitly by the
term proportional to λ5. Consequently, the would-be NG
bosons, H±,03 and H
±,0
3M , now acquire a mass proportional
to λ5 as shown in Eq. (40). The proper vacuum align-
ment (λ5 6= 0) prevents the appearance of NG bosons in
the extended model as well!
IV. 125-GEV CANDIDATE IN EWνR MODEL
Measured properties of the 125-GeV scalar particle
that was discovered at the LHC so far tend to be close to
the properties of SM Higgs boson. Hence, in every model
of BSM Physics it is imperative to (i) have at least one
Higgs particle with mass of about 125 GeV having SM-
like decay signal strengths, and (ii) study the implica-
tions of these properties in the ‘allowed’ parameter space
of the model (e.g. allowed masses of any BSM particles
in the model, etc.). To check the viability of a model or
to search for the model experimentally, decay properties
of the 125-GeV Higgs boson candidate in the model must
be studied.
We denote the 125-GeV candidate in the EWνR model
by H˜. From Eq. (42) we see that it is a mixture of H01 ,
H01M and H
0′
1 . Recall that H
0
1 comes from the SM-like
scalar doublet Φ2, H
0
1M comes from doublet Φ2M and
H0′1 from triplet χ.
Because the measured decay signal strengths of the
125-GeV Higgs boson are close to SM predictions, intu-
itively one might expect that H01 has to be the dominant
component of H˜. But our investigation shows that the
125-GeV H˜ can have SM-like decay signal strengths, even
if H01 is a sub-dominant component in it. Hence the dual-
like nature of 125-GeV Higgs boson from perspective of
the EWνR model. In this section we will discuss this
dual-like nature and its implications.
In the first subsection we will explain the methodol-
ogy used in the analysis; the next subsection presents
the analysis and results for H˜ ∼ H01 case. In the third
subsection, we present a more interesting case, where, al-
though H01 is a subdominant component of 125-GeV H˜,
it still satisfies the experimental constraints on the signal
strengths.
A note on CP of the 125-GeV Higgs in the
EWνR model:
As seen in Sec. III, the EWνR model has 6 neutral phys-
ical scalars, of which 3 are CP-even states (H01 , H
0
1M ,
H ′1) and 3 are CP-odd states (H
0
3 , H
0
3M , H
0
5 ). Their
couplings to fermions and gauge bosons are listed in Ta-
bles V - IX in Appendix A. Among these H05 does not
couple to charged fermions.
It can be seen from Table V that decay widths of
H03/H
0
3M → f f¯ can be close to the SM predictions for
some combinations of the BSM parameters in the cou-
plings. But as mentioned in Section II E, H03 , H
0
3M are
disfavored as 125-GeV candidates as compared to the
CP-even hypothesis [7].
Hence, in this paper while considering 125-GeV candi-
date in the EWνR model, we proceed with the hypothesis
that this candidate is a CP-even eigenstate 1.
1 The possibility that the 125-GeV Higgs boson is a linear com-
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Out of the 3 CP-even Higgs bosons, only H01 can have
decay widths to SM fermions similar to the SM predic-
tions. Therefore, one might expect that in the EWνR
model H01 is the candidate for 125-GeV Higgs boson.
However, in the absence of explicit decay widths and
based on current available signal strengths for various
decay channels, we will show that the 125-GeV Higgs
boson can be very different from the standard expecta-
tion. It is in the spirit of our analysis that we may coin
the term “Dr. Jekyll” to the Standard Model expecta-
tion (a mild impostor) and the term “Mr. Hyde” to the
definite “impostor” (which mainly comes from the scalar
triplet) scenario presented in the paper.
A. Methodology for comparing the EWνR model
predictions with data
For any given decay channel of a Higgs, CMS and AT-
LAS experiments at the LHC measure the total cross
section of the decay process. The cross section of any
decay channel of the Higgs boson that is measured at the
LHC is given by
σ(H-decay) = σ(H-production)×BR(H-decay) , (43)
where σ(H-production) is the production cross section of
H and BR(H-decay) is the Branching Ratio of the decay
channel of H that is under consideration.
BR(H-decay) =
Γ(H-decay)
ΓH
, (44)
where Γ(H-decay) is the partial width of the H-decay
channel, and ΓH is the total width of H. To compare
the data with the Standard Model predictions, the ratio
of the measured signal strength to its SM-predicted value
is presented, denoted by µ.
µ(H-decay) =
σ(H-decay)
σSM (H-decay)
, (45)
σ(H-decay) being measured experimentally or predicted
by a model.
Therefore, to compare the EWνR-predicted decay sig-
nal strengths with the data, we investigate the agree-
ment between the ratio of EWνR prediction with the SM
bination of CP-even and CP-odd state has not been thoroughly
checked experimentally yet. The spin and parity of the 125-GeV
scalar are yet to be measured at CMS and ATLAS. Thus, in this
paper, we will stick to CP-eigenstate hypothesis based on the
likelihood analysis
prediction µEWνR = σEWνR (H-decay)/σSM (H-decay),
to the ratio of measured decay cross section with the
SM-prediction µdata = σdata(H-decay)/σSM (H-decay).
σH-decay in the EWνR model with the predictions SM for
that decay channel.
Hence, we need to calculate
• partial decay widths for these channels,
• the total width of H˜ and
• the production cross-section of gg → H˜.
The analysis is done in the following steps:
1. Identify all the decay channels that contribute sig-
nificantly to the total width of the 125-GeV H˜
Identify the variables on which the aforementioned
three quantities depend.
2. Identify the limits on the variables.
3. Select a set of values for the variables within their
respective limits.
4. Calculate the signal strengths µ in various channels
for the 125-GeV H˜, and compare them with the
measured values from CMS.
1. Decay channels under consideration
For this analysis we calculate signal strengths µ for
decay channels H˜ → ZZ, W+W−, γγ, bb¯, τ τ¯ . We
calculate the production cross-section and partial widths
of various decay channels as explained in Appendix B.
The total width of the 125-GeV H˜ is calculated by adding
individual partial decay widths:
ΓH˜ = ΓH˜→bb¯ + ΓH˜→ττ¯ + ΓH˜→cc¯ + ΓH˜→W+W−
+ ΓH˜→ZZ + ΓH˜→gg + ΓH˜→γγ . (46)
Among all the partial widths considered above, ΓH˜→bb¯
and ΓH˜→W+W− are the most dominant for the SM-Higgs.
Because of the constraint mfM > 100 GeV, the decay
channel H˜ → fM f¯M does not occur at the leading order,
when fM is on-shell.
In what follows we identify the relevant variables in
the analysis and estimate their allowed ranges.
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2. Lower limit on the masses of charged mirror fermions
The lower limit of 102 GeV on the masses of charged
mirror leptons and mirror quarks is imposed based on
the results of search for sequential heavy charged lep-
tons and quarks at LEP3 (refer ‘Heavy Charged Lep-
tons’ and ‘Heavy Quarks’ sections in [12] and references
therein). Strictly speaking these constraints apply only
to sequential heavy fermions, such as L′ → τZ → τ ll¯, τqq¯
or Q′ → bZ → b ll¯, b qq¯ or Q′ → bW+ → b lν¯, b qq¯′ etc.
However, charged mirror fermions in the EWνR model
couple to the SM fermions in an altogether different
way, through the scalar singlet φS [5, 14]: q
M → qφS ,
lM → lφS . This φS would appear as missing energy
in the detector. Thus, the signature of final states in
charged mirror fermion decay would involve a lepton +
missing ET or a jet + missing ET . Moreover, at CMS
or ATLAS these decays could occur outside the beam-
pipe and inside the silicon vertex detector [5, 14]. There-
fore, the constraints from the aforementioned searches
do not directly apply to charged mirror fermions. We
still impose these constraints on charged mirror fermions,
arguing that if these mirror fermions were lighter than
∼ 100 GeV, they would have been discovered at 200 GeV
LEP3 [12].
3. Limits on VEVs, scalar and Yukawa couplings
We consider only the cases where the scalar couplings
and Yukawa couplings of mirror fermions are perturba-
tive. The perturbative constraint on scalar and Yukawa
couplings are λi/4pi . O(1) and αfM = g2MF /4pi . O(1)
respectively. For numerical analysis we limit ourselves to
cases, where λi/4pi ≤ 1.3 and αfM ≤ 1.5.
As discussed towards the end of Sec. III, the SU(2)D
singlet mass eigenstates depend on s2, s2M and sM .
Therefore, they also depend on the vacuum expecta-
tion values (VEVs) of the real parts of Φ2, Φ2M and χ.
While investigating different numerical forms of {aij},
one needs to vary the VEV’s. Hence, it is necessary to
estimate the limits on these VEVs before analyzing the
125-GeV candidate in detail.
Recall that the charged SM fermions, the charged mir-
ror fermions and the right handed neutrinos get their
masses due to v2, v2M , and vM respectively. Various
constraints on these masses constrain the ranges of the
VEVs.
If the pole mass of top quark (173.5 GeV), the heavi-
est SM fermion, is perturbative and comes from v2, then
v2 & 69 GeV (because g2top ≤ 4pi). We set the lower
bound on the masses of all the charged mirror fermions
at 102 GeV, which is the LEP3 [12] bound on the heavy
BSM quarks and BSM charged leptons. Hence, consid-
ering a constraint of g2MF /4pi ≤ 1.5 on the Yukawa cou-
plings of all the charged mirror fermions, v2M & 27 GeV,
implying vM . 80 GeV. Thus, for perturbative de-
termination of MR requires MR . 283 GeV. We also
know that MR ≥ MZ/2 ≈ 45.5 GeV [5], and, hence,
vM & 13 GeV. This implies that v2 . 241 GeV and
v2M . 233 GeV. This limit on v2M along with the per-
turbative limit on gMF sets an upper limit on the masses
of the mirror fermions: mMF . 715 GeV. The allowed
ranges for VEVs and for parameters defined in Eq (30)
are summarized in the table below.
TABLE I. Allowed ranges of VEVs and parameters defined in
Eq. (30). All values are given in GeV .
69 . v2 . 241 0.28 . s2 . 0.98
33 . v2M . 233 0.13 . s2M . 0.95
13 . vM . 83 0.15 . sM . 0.95
4. Common predictions for multiple decay channels
In the EWνR model, predictions for the signal
strengths of H˜ →W+W− and H˜ → ZZ are equal. Sim-
ilarly, predictions for the signal strengths of H˜ → bb¯ are
equal to those for H˜ → τ τ¯ . This is expected, since as
seen in Appendix B,
ΓEWνR(H˜ →W+W−)
ΓSM (H0SM →W+W−)
=
ΓEWνR(H˜ → ZZ)
ΓSM (H0SM → ZZ)
,
ΓEWνR(H˜ → bb¯)
ΓSM (H0SM → bb¯)
=
ΓEWνR(H˜ → τ τ¯)
ΓSM (H0SM → τ τ¯)
. (47)
Keeping all this in mind, in the next two subsections
we analyze in detail the decay properties of the 125-GeV
candidate in the EWνR model.
5. Numerical Analysis
For this analysis a C++ code was written, also using
some functionality of ROOT [13]. We investigated this
case in following steps:
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• We generated random combinations of
s2, s2M , sM , λ1, λ2, λ3 and λ4, using TRan-
dom3 random number generator in ROOT. These
parameters were varied over the following ranges:
− 4pi ≤ λ1, λ2, λ3, λ4 ≤ 4pi ,
0.28 ≤ s2 ≤ 0.98 ,
0.13 ≤ s2M ≤ 0.95 ,
0.15 ≤ sM ≤ 0.95 . (48)
The limits |λ|/4pi . 1 are set so that λ’s are pertur-
bative. Limits on s2, s2M , sM are based on Table I.
• We numerically diagonalized the singlet mass ma-
trix in Eq. (41) formed by every combination of
the parameters to find the mass eigenvalues and
corresponding eigenvector matrix (mixing matrix)
in Eq. (42). Only those combinations of parame-
ters, which yielded the lightest mass eigenvalue in
the range 125.7 ± 1.0 GeV, were saved. 4 million
such parameter combinations were found.
• For all the saved combinations we calculated vari-
ous signal strengths for each of these combinations.
The gluon-gluon fusion channel was considered to
calculate the predicted production cross section of
the H˜. The partial decay widths were calculated
according to Appendix B, and the total width was
calculated using Eq. (46).
• In addition to the parameters in Eq (48), follow-
ing parameters are required to calculate the partial
widths of H˜ → γγ and H˜ → gg, and the cross
section of gg → H˜:
0 ≤ λ5 ≤ 15 , varied with ∆λ5 ∼ 1.07 ,
λ8 = −1 , mH+3 = mH+3M = 500 GeV ,
mH+5
= 200 GeV , mH++5
= 320 GeV , mqM3 = 120 GeV ,
mqM1 = mqM2 = mlM = 102 GeV . (49)
• We checked if the signal strengths µ’s of the 125-
GeV H˜ in various decay channels are within the 1σ
constraints on the signal strengths, as measured by
CMS experiment. We did not impose constraints
from both the CMS and ATLAS, because for some
of the decay channels considered here, the signal
strength measurements from CMS and ATLAS do
not agree with each other within the 1σ constraints.
Also, CMS and ATLAS have not published their
combined measurements from the recent analyses.
We therefore chose to check agreement with the
CMS measurements.
Depending on their 1σ constraints, certain combi-
nations out of the 4 million would agree with either
only with CMS or with ATLAS results. Thus, im-
posing the constraints from ATLAS would discard
some of the combinations that the CMS constraints
would allow and vice versa. However, this would
not change any of the conclusions of the paper.
• We found 1501 out of 4 million combinations of the
parameters that satisfy 1σ constraints from CMS
on the 125-GeV Higgs signal strengths inWW , ZZ,
bb¯, τ τ¯ and γγ decay channels. Table IV lists 16 ex-
amples out of 1501 cases, with the masses of H˜,
H˜ ′, H˜ ′′, their mixing-matrix elements, and the sig-
nal strengths of the 125-GeV H˜ for various decay
channels.
• In the code, there was no constraint imposed as
to what is to be the dominant component in H˜.
Interestingly, hardly any combinations among the
4 million had H01 as a dominant component in the
125-GeV H˜. This means that either
1. at the mass of about 125-GeV , 4 million com-
binations do not yield enough resolution in the
parameter space so as to find the H˜ ∼ H01
case, OR
2. the H˜ ∼ H01 case cannot be found with the
imposed limits on the parameters, and it re-
quires at least some of these parameters to
have values outside of these limits.
• Thus, this scan of the parameter space only yielded
Mr. Hyde cases, where the SM-like H01 is a subdom-
inant component in the 125-GeV H˜. Implications
of these cases will be further discussed in section
IV C.
• On the other hand, to find the combinations of the
parameters for which the 125-GeV H˜ has a domi-
nant SM-like H01 component, and which also satisfy
the CMS constraints on the signal strengths, we
had to choose some of the scalar couplings to have
values outside [−4pi, 4pi]. These Dr. Jekyll cases
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thus require some interactions within the scalar sec-
tor to be in the strong-coupling regime. In the next
subsection we discuss this scenario in detail.
B. H˜ as 125-GeV Higgs candidate with a dominant
SM-like component
We illustrate the step-by-step process which we fol-
lowed to analyze this case.
• A Mathematica code was written to numerically
diagonalize the custodial-singlet mass matrix in
Eq. (41) and obtain its mass eigenvalues and eigen-
vector matrix i.e. the mixing matrix in Eq. (42).
• In this code, the values of s2 = 0.92, s2M = 0.16
(and thus, sM ≈ 0.36) were fixed. The analysis was
performed for different s2 values, but, for H˜ ∼ H01 ,
only the cases with s2 & 0.9 were found to satisfy
the experimental constraints on the signal strengths
of the 125-GeV Higgs at LHC.
• After fixing s2 and s2M , the scalar couplings λ1, λ2,
λ3 and λ4 were manually varied so that |λ|/4pi ≤
1.3, in order to find the combinations of λ’s that
yield the lowest eigenvalue of the mass matrix to be
125.7 ± 1.0 GeV and the corresponding eigenstate
to have dominant H01 component.
• Recall (refer to Eq. (32)) that λ1, λ2 and λ3 are the
self-couplings of Φ2, Φ2M and χ respectively. λ5 is
the measure of cross couplings of Φ2, Φ2M and χ.
• As stated in section IV A 5, we found combina-
tions of the parameters which satisfy the CMS con-
straints on the signal strengths, when λ2, λ5 > 4pi.
|λ1|, |λ4|, |λ8| are still ≤ 4pi, while λ3 ≈ 15. For
illustrative purpose, we show below two of many
cases which satisfy the CMS constraints.
• The calculation of the partial width of the H˜ → γγ
channel necessitates fixing the values or ranges for
the remaining parameters. In the example cases
shown below we fix other parameters as follows:
– mH+3
= 600 GeV, mH+3M
= 700 GeV,
– masses of all three charged mirror leptons
mlM = 102 GeV,
– mass of lightest two generations of mirror
quarks mqM1 = mqM2 = 102 GeV,
– for the purpose of partial widths of H˜-decays
in scenarios above, we also fix mass of the
third mirror quark generation at mqM =
120 GeV. This mass will be varied to analyze
constraints on H˜ ∼ H01M .
• The values of mH+3 and mH+3M are chosen so
as to have largest allowed ranges for mH+5
and
mH++5
. We vary the latter two over the range
∼ 400 − 730 GeV for Example 1 and 2. This
variation does not affect much the predictions for
the signal strengths of the H˜ decays to W+W−,
ZZ and ff¯ , but only changes that for H˜ → γγ.
mH+5
and mH++5
vary in correlation when the CMS
constraints on the signal strength of the diphoton
decay channel are imposed. For the numerical cal-
culation of other signal strengths in the following
two examples we chose on of these correlated pairs
of the two masses.
• Example 1: λ1 = −0.077, λ2 = 14.06, λ3 =
15.4, λ4 = 0.1175, λ5 = 15, λ8 = −1 and
mH+5
= 500 GeV, mH++5
= 540 GeV. Fixing these
along with s2 = 0.92, s2M = 0.16, sM ≈ 0.36, fully
determines the singlet mass matrix, and hence the
mixing matrix, given by: H˜H˜ ′
H˜ ′′
 =
 0.998 −0.0518 −0.03290.0514 0.999 −0.0140
0.0336 0.0123 0.999

 H01H01M
H0′1
 ,
(50)
with H˜ ∼ H01 , H˜ ′ ∼ H01M , H˜ ′′ ∼ H0′1 and mH˜ =
125.7 GeV, mH˜′ = 420 GeV, mH˜′′ = 601 GeV.
a1,1M - the (1,2) element of the 3 × 3 matrix can
actually vary between (-0.0515, -0.05295) and still
satisfy CMS constraints.
Another example is Example 2: λ1 = 0.0329, λ2 =
14.2, λ3 = 15.4, λ4 = 0.0056, λ5 = 15, λ8 = −1,
and mH+5
= 590 GeV, mH++5
= 600 GeV, H˜H˜ ′
H˜ ′′
 =
 0.99999... −2.49× 10−3 −1.60× 10−32.49× 10−3 0.99999... −5.30× 10−4
1.60× 10−3 5.26× 10−4 0.99999..

 H01H01M
H0′1
 ,
(51)
with H˜ ∼ H01 , H˜ ′ ∼ H01M , H˜ ′′ ∼ H0′1 and mH˜ =
125.7 GeV, mH˜′ = 420 GeV, mH˜′′ = 599 GeV.
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The allowed range for a1,1M - the (1,2) element of
the 3× 3 matrix is (−1.20,−3.40)× 10−3.
• Notice that, although Examples 1 and 2 have
very different values for the off-diagonal elements
in {aij}, they yield comparable numerical signal
strength predictions, the reason being principally
that in both the cases H˜ ∼ H01 . We can also
find other cases having intermediate values for the
off-diagonal elements yielding comparable signal
strengths.
• Table II shows cross section of 125-GeV H → gg
(as a measure of production cross section), partial
widths and branching ratios in the SM and the
EWνR model, for example 2. We see that these
partial widths are not very different from those in
SM. This is expected as, in this case, the couplings
of H01 with the SM gauge bosons and fermions are
also close to those of the SM Higgs.
• The partial widths and the signal strengths for
W+W− and ZZ decay channels are smaller,
whereas those for bb¯, τ τ¯ and γγ decay channels are
larger, than the corresponding values in SM.
It is because, for the example in Table II, s2 <
|a1,1| < 1, and as per Eq. (B13) the partial
width ΓEWνR(H˜ → W+W−, ZZ) ∼ |s2 a1,1|2 ×
ΓSM (H0SM →W+W−, ZZ) .
On the other hand, as seen in Eq. (B14),
ΓEWνR(H˜ → ff¯) ∼ |a1,1/s2|2 ΓSM (H0 → f f¯) >
ΓSM (H0 → f f¯).
ΓEWνR(H˜ → γγ) is larger than the corresponding
SM value, because in the EWνR model, charged
scalars and mirror fermions also contribute to this
decay through triangle loops (refer to Appendix
B 2). Recall that in SM this decay is dominated
only by the W loop.
• Fig. 5 shows the comparison between the CMS data
for signal strengths µ(H-decay) of the 125-GeV
Higgs boson, and the corresponding predictions for
the 125-GeV H˜ in the EWνR model, for examples
1 and 2 in Dr. Jekyll scenario and examples 1, 2
and 3 in Mr. Hyde scenario, discussed in the next
subsection.
For calculating the EWνR predictions, we have con-
sidered the gluon-gluon fusion production channel
(gg → H˜), which is the most dominant Higgs-
production channel at the LHC. Calculations of the
predictions in the EWνR model are explained in
Appendix B.
• Notice that the predicted ranges for µ(H˜ →
W+W−, ZZ) and µ(H˜ → bb¯, τ τ¯) are much nar-
rower than the allowed ranges by the CMS con-
straints.
A wider range of a1,1M than shown in Eqs. (50),
(51) is allowed if we impose the constraints on only,
say, H˜ → W+W− decay. However, for a part
of the a1,1M range that satisfies the constraints
on µ(H˜ → W+W−), the constraints on one or
more of the other decay channels are not satis-
fied, and vice versa. So is true for all the other
decay channels. Hence, when we seek the range of
a1,1M that satisfies the constraints on all 4 of the
H˜ → W+W−, ZZ, bb¯, τ τ¯) decay channels, the
predicted ranges for the signal strengths of these
different channels are correlated. This shortens the
range of a1,1M and of the signal strength predic-
tions. These correlated predictions are shown in
Fig. 5.
• The predicted range for µ(H˜ → γγ) spans over
0−2.5, because over the ranges of mH+5 and mH++5 ,
µ(H˜ → γγ) can easily vary without significantly
affecting the predictions for the signal strengths of
other decay channels.
• Conclusions from Fig. 5: We see that in the
H˜ ∼ H01 scenario predictions of the EWνR model
for various signal strengths agree with those of the
125-GeV Higgs boson, as measured by CMS. A
slightly, but not very, different mixing matrices can
also agree with the ATLAS measurements. Future
measurements of partial widths would therefore be
required to disentangle this scenario from that the
SM.
We now come to the most interesting part of our anal-
ysis, the one in which the 125-GeV Higgs boson is very
unlike the SM Higgs.
C. H˜ as the 125-GeV Higgs candidate with a
sub-dominant SM-like component
Can the 125-GeV H˜ in the EWνR model have H
0
1 as
a subdominant component and still satisfy the experi-
mental constraints on its signal strengths? There are
only two CP-even, neutral scalar states other than H01 ,
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TABLE II. Partial width of H → gg as the measure of the production cross section, partial widths and branching ratios for
various channels in SM (for mHSM = 125.7 GeV with total width = 4.17 × 10−3 GeV , and the EWνR model for Dr. Jekyll
example 2 scenario: a1,1M = −0.0025, where mH˜ = 125.7 GeV, total width = 4.45 × 10−3 GeV and H˜ ∼ H01 . All the partial
widths are given in GeV .
SM EWνR
µ =
(σHgg ×BR)SM
(σH˜gg ×BR)EWνRΓH→gg Partial Width BR ΓH˜→gg Partial Width BR
∝ σgg→H ∝ σgg→H
H˜ →W+W− 3.55E-04 9.42E-04 2.26E-01 3.46E-04 7.63E-04 1.72E-01 0.74
H˜ → ZZ 3.55E-04 1.17E-04 2.81E-02 3.46E-04 9.49E-05 2.13E-02 0.74
H˜ → bb¯ 3.55E-04 2.36E-03 5.66E-01 3.46E-04 2.79E-03 6.26E-01 1.07
H˜ → τ τ¯ 3.55E-04 2.59E-04 6.21E-02 3.46E-04 3.06E-04 6.87E-02 1.07
H˜ → γγ 3.55E-04 9.51E-06 2.28E-03 3.46E-04 1.26E-05 2.82E-03 1.21
and they are H01M and H
0′
1 . The analysis explained in
section IV A 5 revealed 1501 out of 4 million parameter
combinations, for which H01 can, indeed, be a subdomi-
nant component in 125-GeV H˜ while agreeing with the
measured signal strengths of the 125-GeV Higgs at the
LHC - the scenario we earlier referred to as Mr. Hyde
scenario.
1. Results of the analysis
• Table IV shows 16 out of the 1501 combinations of
the parameters.
• It can be seen from Table IV that in Mr. Hyde sce-
nario, the CMS constraints on the signal strength
can be satisfied, even when the scalar couplings sat-
isfy |λ/4pi| < 1. This means that the scalar parti-
cles heavier than the 125-GeV Higgs, need not be
strongly coupled, and could be potentially detected
as narrow resonances at the LHC.
• Similarly, s2M can be larger than in Dr. Jekyll
scenario. The mirror fermion masses are given in
terms of s2M by
mfM =
gMF s2Mv√
2
. (52)
Consequently, larger (than in Dr. Jekyll scenario)
masses of the mirror fermions are allowed by
the perturbative limit on their Yukawa couplings.
In other words, for a given mass of the mirror
fermions, their Yukawa couplings in Mr. Hyde sce-
nario can be smaller than those in Dr. Jekyll sce-
nario.
• To highlight interesting features of this scenario,
we consider three examples listed in Table IV.
• Example 1 (row 1 of Table IV): s2 = 0.900, s2M =
0.270, sM = 0.341, λ1 = −0.481, λ2 = 6.00, λ3 =
1.46, λ4 = 2.99, λ5 = 2, λ8 = −1, H˜H˜ ′
H˜ ′′
 =
 0.300 −0.094 −0.9490.334 −0.921 −0.197
0.893 0.376 0.246

 H01H01M
H0′1
 ,
(53)
with H˜ ∼ H0′1 , H˜ ′ ∼ H01M , H˜ ′′ ∼ H01 ;
mH˜ = 125.8 GeV, mH˜′ = 416 GeV,
mH˜′′ = 1100 GeV, MR . 105 GeV, and
µ(H˜ → W+W−/ZZ) = 0.72, µ(H˜ → γγ) = 0.91,
µ(H˜ → bb¯/τ τ¯) = 1.00.
• Example 2 (row 2 of Table IV): s2 = 0.514, s2M =
0.841, sM = 0.168, λ1 = 6.15, λ2 = 7.68, λ3 =
8.84, λ4 = −2.131502, λ5 = 5, λ8 = −1, H˜H˜ ′
H˜ ′′
 =
 0.188 0.091 0.978−0.941 −0.268 0.207
−0.281 0.959 −0.035

 H01H01M
H0′1
 ,
(54)
with H˜ ∼ H0′1 , H˜ ′ ∼ H01 , H˜ ′′ ∼ H01M ;
mH˜ = 125.2 GeV, mH˜′ = 633 GeV,
mH˜′′ = 1427 GeV, MR . 52.0 GeV, and
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FIG. 5. Figure shows the predictions of
µ(H˜ → bb¯, τ τ¯ , γγ, W+W−, ZZ) in the EWνR model for
examples 1 and 2 in Dr. Jekyll and example 1, 2 and 3 in
Mr. Hyde scenarios, in comparison with corresponding best
fit values by CMS [15–18].
µ(H˜ → W+W−/ZZ) = 0.94, µ(H˜ → γγ) = 0.89,
µ(H˜ → bb¯/τ τ¯) = 0.65.
• Example 3 (row 3 of Table IV): s2 = 0.401, s2M =
0.900, sM = 0.151, λ1 = 4.76, λ2 = 3.41, λ3 =
7.71, λ4 = −1.29, λ5 = 4, λ8 = −1, H˜H˜ ′
H˜ ′′
 =
 0.187 0.115 0.9760.922 0.321 −0.215
0.338 −0.940 0.046

 H01H01M
H0′1
 ,
(55)
with H˜ ∼ H0′1 , H˜ ′ ∼ H01 , H˜ ′′ ∼ H01M ; mH˜ =
125.6 GeV, mH˜′ = 454 GeV, mH˜′′ = 959 GeV,
MR . 46.4 GeV, and µ(H˜ →W+W−/ZZ) = 0.89,
µ(H˜ → γγ) = 1.09, µ(H˜ → bb¯/τ τ¯) = 1.06.
• In example 1, H01M is the dominant component in
H˜ ′, whereas H01 is the dominant in H˜
′ in examples
2 and 3. Although the mixing matrices in examples
2 and 3 are not very different, the ratio of VEV’s
s2, s2M are different enough to result in the signal
strengths that are not very similar (especially for
H˜ → ff¯). As the partial width of H˜ → ff¯ is pro-
portional to |a1,1/s2|2, it changes rapidly with s2.
Also, because we have 6 mirror quarks which con-
tribute to the cross section of gluon-gluon fusion,
the production cross section dominantly changes as
∼ |a1,1/s2 + 6 a1,1M/s2M |2. Thus, any change in
a1,1M/s2M is amplified while calculating the signal
strengths.
• Comparison of the signal strengths for the three ex-
amples with the CMS constraints on them can be
seen in Fig. 5. Notice the agreement between the
predictions for the signal strengths with the CMS
constraints in the figure. This agreement demon-
strates that the SM-like signal strengths of 125-
GeV Higgs at the LHC are not sufficient to con-
clude that it is a SM-like Higgs, or even if it has a
dominant SM-like component.
• Table III shows the partial widths, branching ra-
tios and the signal strengths for Mr. Hyde scenario
in the EWνR model and SM. It can be seen that
the partial widths in this scenario are very differ-
ent from the SM (smaller by a factor of ∼ 5 for the
example in the table), but it results in similar sig-
nal strengths. Measurements of the partial widths
are therefore necessary to be able to experimentally
distinguish between Mr. Hyde scenario and SM.
2. Remarks on the H01M component in H˜
A few remarks are in order here:
• Notice that for all the cases listed in Table IV H0′1 is
the dominant component in the 125-GeV H˜. In all
1501 cases we found, the modulus of the coefficient
of H01M in the 125-GeV H˜ was ≤ 0.32.
• In the gluon-gluon fusion channel H01M is produced
through triangle loops of 6 mirror quarks. There-
fore, if H01M is the dominant component in H˜, then
the production cross section of H˜ could become too
high to be compensated by small branching ratios.
Thus, it makes sense that H01M is disfavored to be
the dominant component in H˜, by the constraints
on the signal strengths.
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TABLE III. Partial width of H → gg as the measure of the production cross section, partial widths and branching ratios for
various channels in SM (for mHSM = 125.6 GeV and total width 4.15× 10−3 GeV ), and the EWνR model for row 3 in Table
IV, also in Eq. (55) where H˜ ∼ H0′1 (with mH˜ = 125.6 GeV and total width 1.34×10−3 GeV ). All the partial widths are given
in GeV .
SM EWνR
µ =
(σHgg ×BR)SM
(σH˜gg ×BR)EWνRΓH→gg Partial Width BR ΓH˜→gg Partial Width BR
∝ σgg→H ∝ σgg→H
H˜ →W+W− 3.54E-04 9.30E-04 2.24E-01 5.75E-04 1.64E-04 1.23E-01 0.89
H˜ → ZZ 3.54E-04 1.16E-04 2.79E-02 5.75E-04 2.04E-05 1.53E-02 0.89
H˜ → bb¯ 3.54E-04 2.35E-03 5.67E-01 5.75E-04 5.07E-04 3.79E-01 1.06
H˜ → τ τ¯ 3.54E-04 2.58E-04 6.22E-02 5.75E-04 5.42E-05 4.06E-02 1.06
H˜ → γγ 3.54E-04 9.46E-06 2.28E-03 5.75E-04 2.04E-06 1.53E-03 1.09
• Even if H01M is a sub-dominant component in H˜,
one should not think that it has decoupled from
the other two singlets. In other words, the scalar
doublet Φ2M does not really decouple from Φ2 and
χ. This is because:
– Even if H01M has a small coefficient in H˜, its
production amplitude through 6 mirror quarks
has a significant contribution to the produc-
tion cross section of H˜.
– The real degree of freedom of Φ2M leads to
H01M . But its other degrees of freedom also
contribute to other physical particles such as
H0,±3 , H
0,±
3M . These particles contribute to
H˜ → γγ and the total width. Hence, they play
a role in ensuring that the branching ratios are
in the appropriate range to achieve an agree-
ment with the signal strength constraints.
• Thus, although H01M is a sub-dominant compo-
nent in H˜, the scalar doublet Φ2M , newly added
to the minimal EWνR model, plays a crucial role
in accommodating the 125-GeV Higgs boson in the
EWνR model, in Mr. Hyde as well as Dr. Jekyll
scenario.
Before concluding this section, we will briefly discuss
some indirect constraints on the next heavier scalar H˜ ′,
in both these scenarios.
D. The next heavier neutral scalar H˜ ′
In Dr. Jekyll scenario, examples 1 and 2 that we consid-
ered have H01M as the dominant component in H˜
′, which
is the next heavier physical scalar after the 125-GeV H˜.
Here the total width of H˜ ′ is also greater than its mass,
with the scalar coupling λ2 > 4pi. Thus, it is a strongly
coupled scalar, which is difficult to detect as a narrow
resonance.
In example 1 of Mr. Hyde scenario, H01M is the domi-
nant component in H˜ ′, while in examples 2 and 3 H01 is
the dominant component in H˜ ′. In all 3 examples, H˜ ′
has a total width < 10% of its mass.
This subsection compares the signal strength of H˜ ′ →
W+W− and the σ × BR(H˜ ′ → γγ) with the CMS con-
straints on SM-like heavy Higgs, for examples having
mH˜′ . 600 GeV. These CMS constraints [20–23] as-
sume the Standard model background, whereas, in the
EWνR model, extra processes involving mirror fermions
and extra scalars also contribute to the background in
addition to the SM processes. The background in this
model is therefore expected to be larger than that in the
SM. A detailed study of this background is out of the
scope of this paper.
Although the SM background does not strictly apply
to H˜ ′ in the EWνR model, we show how the EWνR pre-
dictions compare with the experimental constraints.
For our calculations we computed the total width of
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FIG. 6. Predicted signal strength of H˜ ′ → W+W− in 4 ex-
ample scenarios (blue and purple squares). The results of the
search for SM-like Higgs boson up to 600 GeV with the 1σ
(green band) and 2σ (yellow band) limits on the SM back-
ground (dotted curve) and CMS data (solid black curve) are
also displayed.
H˜ ′ using
ΓH˜′ =
3∑
i=1
ΓH˜′→qMi q¯Mi +
3∑
j=1
× ΓH˜′→lMj l¯Mj
+ ΓH˜′→tt¯ + ΓH˜′→bb¯
+ ΓH˜→ττ¯ + ΓH˜→cc¯ + ΓH˜′→W+W−
+ ΓH˜′→ZZ + ΓH˜′→gg + ΓH˜′→γγ . (56)
The partial decay widths were calculated using the
method illustrated in Appendix B.
1. Constraints on the signal strength of H˜ ′ →W+W−
• Fig. 6 shows the signal strength of H˜ ′ → W+W−
for examples 1 and 2 in Dr. Jekyll scenario (blue
squares) and exmaples 1 and 3 in Mr. Hyde scenario
(purple squares). The 1− and 2−σ SM background
bands and the CMS data [20, 21] are also displayed.
The signal strength for example 2 in Mr. Hyde sce-
nario is not displayed as mH˜′ = 633 GeV for this
example, but the CMS data for this decay channel
are only available up to 600 GeV .
• In the figure, notice that the predicted signal
strengths for examples 1 and 2 in Dr. Jekyll case
and example 1 in Mr. Hyde case are within the ±1σ
SM-background bands. Therefore, the CMS data
are surely not conclusive for confirming or ruling
out these examples.
• Example 1 in Mr. Hyde scenario predicts a signal
strength µ(H˜ ′ →W+W−) ≈ 1.3, which is certainly
larger the SM-background band and the data. H01 -
the SM-like Higgs is the dominant component in H˜ ′
in this example. However, the SM-background still
does not strictly apply here, since additional back-
ground processes can contribute to it. For example,
production of W+W− from two gluons through a
box loop of mirror quarks.
2. Constraints on H˜ ′ ∼ H01M from γγ-decay channel
The constraints on σ(gg → H˜ ′)×BR(H˜ ′ → γγ) from
CMS [23] and ATLAS [22] are accompanied by assump-
tions that the total width of the SM-like heavy Higgs is
0.1 GeV or 10% of its mass. The total width of H˜ ′ in
our scenarios does not follow either of these patterns. We
observed that σ(gg → H˜ ′) × BR(H˜ ′ → γγ) predictions
for all the examples in both the scenarios is consistently
lower than the CMS and ATLAS constraints.
3. A comment on H˜ ′′
In the examples of Dr. Jekyll scenario considered in
this paper, H˜ ′′ ∼ H0′1 , and in the examples of Mr. Hyde
scenario that we have considered, H˜ ′′ ∼ H01 or H01M . For
all these examples, mH˜′′ & 600 GeV. So far, the CMS
data in Fig 6 are not sensitive to the signal strengths of
the order of SM predictions in this mass range. A detailed
analysis of its signal strengths will be of interest, when
more data for this higher mass range are available and
are analyzed with full EWνR background.
E. Conclusions about the 125-GeV Higgs candidate
in the EWνR model
• In this section we investigated two very different
scenarios of the 125-GeV Higgs boson at the LHC
from the perspective of the EWνR model:
1. Dr. Jekyll: H01 , which is the real part of the
SM-like scalar doublet Φ2, is the dominant
component in the 125-GeV H˜, and
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2. Mr. Hyde: H01 is a sub-dominant component
in the 125-GeV H˜ - a more interesting sce-
nario.
• We demonstrated that in both these scenar-
ios the signal strengths of the 125-GeV H˜ in
W+W−, ZZ, γγ, bb¯ and τ τ¯ decay channels agree
with the constraints from CMS (and also ATLAS)
data. Thus, from the perspective of the EWνR
model, the present data at the LHC are inconclu-
sive about whether SM-like H01 is the dominant or a
sub-dominant component in the 125-GeV particle.
Hence “the dual nature” of the 125-GeV Higgs in
the EWνR model.
More data, measurements of individual partial
widths and study of the heavier physical scalars in
the EWνR model are necessary to distinguish be-
tween either of these scenarios and the SM-Higgs.
• As expected, the individual partial widths of the
125-GeV H˜ in Dr. Jekyll scenario are not very dif-
ferent from those in SM. Here, the scalar couplings
|λ2|, |λ3|, |λ5| need to be greater than 4pi to satisfy
the constraints on the signal strengths. This means
that the heavier scalars in this scenario tend to be
strongly coupled and have large widths.
Dominant SM-like component in the 125-GeV
Higgs also leads to v2 (the VEV of Φ2) being the
dominant part in v, and smaller v2M , which gives
masses to the mirror fermions. Consequently, the
masses of the mirror fermions, allowed by the per-
turbative limit on their Yukawa couplings, cannot
be much greater than ∼ 120 GeV. We adopt a
lower limit of 102 GeV set by the constraints from
LEP3 [12].
• Hence, if future measurements of the individual
decay widths of 125-GeV Higgs result in SM-like
widths, then it is more likely to be consistent
with Dr. Jekyll scenario. In this case, the heavier
scalars would appear not as narrow resonances, but
as broad resonances or enhancement in the back-
ground in this model.
Since the SM-like H01 is the dominant component
in the 125-GeV H˜, the effective theory around this
energy looks like SM, in which the heavier scalars
are integrated out.
• In contrast, the individual partial widths of the
125-GeV H˜ are very different from those in SM,
in Mr. Hyde scenario. In all 1501 combinations
of the parameters that we found to agree with the
experimental 1σ constraints on the signal strengths
contain H0′1 as the dominant component in the 125-
GeV H˜. The predicted signal strengths of this H˜
agree with the experimental 1σ constraints on the
signal strengths even when the scalar couplings |λ|’s
are smaller than 4pi. The heavier scalars in this case
are not strongly coupled, as a result.
The H01M as a dominant component in H˜ is disfa-
vored to agree with the constraints on the signal
strengths, due to its large contribution to the cross
section of gg → H˜.
Because v2M is not constrained to be small in this
case, the perturbative upper limit on the mirror
fermions is about 700 GeV .
• Therefore, if the partial widths of the 125-GeV H˜
are measured to be very different from those in SM,
it would point towards Mr. Hyde scenario. The
heavier scalars in this case have narrow widths and
can be detected as resonances.
The SM-like H01 is the dominant component in one
of the heavier scalars, H˜ ′ or H˜ ′′. Thus, the effec-
tive theory around 125 GeV is very different from
SM, while the SM-like H01 is integrated out with the
heavier scalars.
• As can be seen from Eq (49) we scanned only a
part of the entire parameter space in the EWνR
model, by fixing values or ranges of the parame-
ters. A more thorough scan of the parameter space
could be of interest, especially if more data from
the LHC Run II show any signs of physics Beyond
the Standard Model.
In the next section we will briefly discuss some of the
decay properties of the CP-odd neutral spin-0 states - H03
and H03M .
V. SIGNALS OF CP-ODD SPIN ZERO STATES
In addition to the 125-GeV H˜, the EWνR model also
contains CP-odd spin zero states - H03 , H
0
3M - and two
other heavy CP-even spin zero states - H˜ ′, and H˜ ′′. In
this section, we show possibilities to probe the signal
of the neutral pseudo-scalars in various decay channels
at LHC. To do so, we will investigate the product
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of production cross section and the branching ratio,
a.k.a the absolute signal strength, in H03,3M → γγ, ττ
channels. We will also calculate the signal strengths (µ)
for H03 , H
0
3M and the SM Higgs boson HSM in other
channels.
µ =
σ(gg → H03,3M )Br(H03,3M → XX)
σ(gg → HSM )Br(HSM → XX) (57)
In this extension of the EWνR model, the degenerate
masses of two SU(2)D custodial triplets are related by
m2H3
m2H3M
=
1
1 + c2M
(58)
We assume that the neutral states H03 and H
0
3M obey this
relationship, and use two cases of sM = 0.168; 0.36. The
lighter one, mH03 , is scanned over ranges 130− 440 GeV,
whereas the mass mH03M of the heavier one over 182 −
618 GeV and 177− 601 GeV, respectively.
A. Ratio of production cross sections
At the LHC, H03 , H
0
3M are expected to be produced
mainly through gluon-gluon fusion, similar to HSM . By
using effective coupling approximation, we have
R =
σ(gg → H03,3M )
σ(gg → HSM ) ≈
Γ(H03,3M → gg)
Γ(HSM → gg) . (59)
H03,3M do not couple directly to the gauge
bosons W, Z, γ. And triplet couplings, such as
H03,3MH
+
3,3MH
−
3,3M , H
0
3,3MH
+
5 H
−
5 , H
0
3,3MH
++
5 H
−−
5 ,
are forbidden by CP conservation. Therefore, only
fermionic loops involving the top quark and the mirror
quarks contribute to the gluonic decay of H03 and H
0
3M
[24]:
Γ
(
H03,3M → gg
)
=
GFα
2
s
16
√
2pi3
m3H03,3M
×
∣∣∣∣∣∣
∑
Q
g
H03,3M
Q F
H03,3M
Q (τf )
∣∣∣∣∣∣
2
, (60)
F
H03,3M
Q (τf ) = τff(τf ) , (61)
τt = 4m
2
f/m
2
H03,3M
, (62)
where g
H03,3M
Q are couplings of H
0
3 and H
0
3M to the top
quark and mirror quarks, listed in Table V.
Here,
∑
Q
is summed over the top quark and mirror
quarks. However, the contributions from mirror quarks
can be suppressed due to the fact that the mirror-up
quarks and the mirror-down quarks couple to H03,3M with
opposite signs. In this work, we particularly consider de-
generate mirror fermion doublets, meaning muM = mdM ,
for simplicity. As a result, the contributions from mirror
quarks cancel out. Thus, only the top-quark loop ap-
pears in the production cross section of H03 , H
0
3M . Then,
the ratios of production cross section are given by
RH03 = τ
2
t
|tan θMf(τt)|2
|τt + (τt − 1)f(τt)|2
(63)
for H03 , and
RH03M = τ
2
t
|s2Mf(τt)|2
|s2(τt + (τt − 1)f(τt))|2
(64)
for H03M .
B. In γγ channel
ATLAS [22] and CMS [23] have recently reported their
results of the search for narrow resonances in spin-0 state
to diphoton decay channel, up to 600 GeV for CMS and
840 GeV for ATLAS. Both the reports make certain as-
sumptions about the total width of the decaying spin-0
state. They present the upper limit on the production
cross section times branching ratio for this channel at
95% confidence level. So far, no significant excess has
been found, except for the two 2σ resonances above the
background at m = 201 GeV and m = 530 GeV in
the ATLAS analysis. We compare our predictions in γγ
channel with those results, even though the assumptions
about the total width of resonances are not generally ap-
plicable to the EWνR model.
Similar to the gluonic decay, only fermionic loops con-
tribute to the partial width of H03,3M → γγ, given by
[24]
Γ
(
H03,3M → γγ
)
=
g2 α2 m3
H03,3M
256 pi m2W
∣∣∣∣∣∑
i
Nci e
2
i gi F
H03,3M
i
∣∣∣∣∣
2
.
(65)
Here, i = top quark, six mirror quarks, and three charged
mirror leptons. The total widths of H03,3M are calculated
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by summing all the partial widths.
ΓH3,3M = Γ(H
0
3,3M → γγ) + Γ(H03,3M → gg)
+Γ(H03,3M →W+W−) + Γ(H03,3M → ZZ)
+Γ(H03,3M → τ τ¯) + Γ(H03,3M → tt¯)
+Γ(H03,3M → cc¯) + Γ(H03,3M → bb¯)
+
6∑
i=1
Γ(H03,3M → qMi q¯Mi )
+
3∑
j=1
Γ(H03,3M → lMj l¯Mj ) (66)
The branching ratio of H03,3M → γγ is
Br(H03,3M → γγ) =
Γ(H03,3M → γγ)
ΓH03,3M
(67)
The absolute signal strength of H03,3M → γγ is defined as
σ ×BR(H03,3M → γγ) = R× σ(gg → HSM )
×Br(H03,3M → γγ)
At any particular mass, RH03,3M and Br(H
0
3,3M → γγ) are
calculated directly, while σ(gg → HSM ) is taken from the
handbook of Higgs cross section [25]. To be consistent
with the previous analysis, we also provide two scenar-
ios which correspond to the dual nature of the 125-GeV
scalar. For illustrative purposes, we consider up- and
down- members of mirror quark doublets to have degen-
erate masses. The first two generations of mirror quarks
and all charged mirror leptons have the same mass,
mqM1 = mqM2 = mlM = 102 GeV. The heaviest mirror
quark generation has a mass mqM3 = 120 GeV. Masses of
all right-handed neutrinos are at MR = 50 GeV.
• In the case of Dr. Jekyll, as H˜ ∼ H01 , the mixing an-
gles are s2 = 0.92, s2M = 0.16, sM = 0.36, which
corresponds to the first example in the section IV B.
In the plot below, we present the dependence of the
production cross section times branching ratio of
H3,3M on mass. Moreover, the next heavy CP-even
state is H˜ ′ with the mass of mH˜′ = 420 GeV. So
we incorporate the production cross section times
branching ration of H˜ ′ → γγ also.
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FIG. 7. The production cross section times branching ratio
in γγ channel of H03 and H
0
3M , in Dr. Jekyll scenario. mH03
=
130− 440 GeV, mH0
3M
= 177− 601 GeV
• In the other case when H01 is sub-dominant in
H˜ or Mr. Hyde, a set of parameters is chosen as
s2 = 0.514, s2M = 0.841, sM = 0.168 correspond-
ing to the example 2 in the section IV C. In this
scenario, all the heavy CP-even states are above
600GeV. So that we just present the dependence
of the production cross section times branching ra-
tio of H3,3M → γγ.
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FIG. 8. The production cross section times branching ratio
in γγ channel of H03 and H
0
3M , in Mr. Hyde scenario. mH03
=
130− 440 GeV, mH0
3M
= 182− 618 GeV
Remarks:
1. Before fermionic thresholds, 2mqM1,2 and 2mlM , the
signal strength for H03,3M can be larger than what
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is measured by ATLAS and CMS for heavy SM-
like scalar. To be conservative, we can exclude
mH03 . 150 GeV and mH03M . 205 GeV (FIG.7)
and . 210 GeV (FIG.8). However, for some other
set of parameters, the signal strengths could be well
below the upper limit set by ATLAS and CMS.
2. As mH03 increases, more mirror fermionic de-
cay channels are kinematically allowed. On the
other hand, the production cross section de-
creases. The branching ratios of H03,3M → γγ
therefore decrease rapidly beyond the thresholds,
2mqM1,2 , 2mqM3 , 2mlM , 2mt. As a result, the signal
strengths in both the cases are below the experi-
mental upper limits.
3. At the same mass, the signal strengths of CP-odd
spin-0 states are generally larger than those of CP-
even scalars. Consequently, it is easier to detect
CP-odd spin-0 states than the CP-even ones.
C. In τ τ¯ channel
Recently, ATLAS [26] and CMS [27] also reported their
new results in τ τ¯ channel. Although, the main aim of
their reports is to look for MSSM neutral boson, they pro-
vide a model independent limit on the production cross
section times branching ratio of a general spin-zero state.
Therefore, in this part we investigate the signal strength
of our H03,3M → τ τ¯ with two sets of parameters consid-
ered in the previous subsection.
• In the Dr. Jekyll case.
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FIG. 9. The production cross section times branching ratio
in τ τ¯ channel of H03 and H
0
3M , in Dr. Jekyll scenario. mH03
=
130− 440 GeV, mH0
3M
= 177− 601 GeV
• In the Mr. Hyde case.
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FIG. 10. The production cross section times branching ratio
in τ τ¯ channel of H03 and H
0
3M , in Mr. Hyde scenario. mH03
=
130− 440 GeV, mH0
3M
= 182− 618 GeV
Remarks:
1. In both the cases, the signal strengths can exceed
the upper limit from ATLAS and CMS before the
thresholds of 2 times mirror fermion masses, which
is 204 GeV. It happens because, unlike SM Higgs,
the decay processes such as H03,3M →WW/ZZ oc-
cur only at the loop level, and their partial widths
are relatively small. Consequently, the branching
ratios of H03,3M → τ τ¯ are not as small as in SM.
Hence, the signal strength for this channel is one
order above the upper limits set by ATLAS and
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CMS. However, we believe that in a wide range of
parameter space of the EWνR model, it is still pos-
sible to agree with the limits in this mass region.
2. After passing the first threshold, the signal
strengths of both H03,3M → τ τ¯ decrease rapidly, be-
cause the total widths ΓH03,3M are dominated by the
fermionic decays. Then they reach another peak at
2mt. Over the entire region after the first thresh-
old, the signal strengths for both H03,3M are below
the limits.
D. In WW/ZZ channels
In this model, pseudo-scalars H03,3M do not couple di-
rectly to W± and Z. Decay processes H03,3M →WW/ZZ
occur only at loop levels. It is expected that these pro-
cesses will be highly suppressed. To prove that, we cal-
culate the signal strengths (µ) for H03 → WW/ZZ and
HSM →WW/ZZ. µ is defined in Eq. (57).
µV V =
σ(gg → H03 )Br(H03 → V V )
σ(gg → HSM )Br(HSM → V V )
= RH03
Br(H03 → V V )
Br(HSM → V V ) , (68)
where V = W,Z. Once again, Br(HSM → V V ) is taken
from [25], while the ratio of production cross sections
RH03 in Eq. (63) and Br(H
0
3 → V V ) are calculated di-
rectly. At one loop order, the partial decay width for
these processes are [28]
• H03 →WW
Γ(H03 →WW ) =
32g6(m2
H03
− 4m2W )3/2
214pi5m2W
|AWW |2 (69)
AWW = m
2
t tMA
W
t −m2bt2MAWb +
m2lM√
2
AWlM +
M2R√
2cM
AWνR ;
(70)
• H03 → ZZ
Γ(H03 → ZZ) =
32g6(m2
H03
− 4m2Z)3/2
215pi5m2W
|AZZ |2 (71)
AZZ = m
2
t tMA
Z
t −m2btMAZb +
m2lM√
2
AZlM . (72)
A
W/Z
f are amplitudes with top and bottom quarks, mir-
ror charged leptons, and right-handed neutrinos in the
loops. They have specific forms given in the Appendix C.
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FIG. 11. Ratio of strength signal in WW/ZZ channel of H03
comparing to HSM
As expected, the signal strengths of H03 in vector boson
channels are highly suppressed.
E. (H03 → l¯M lM )/(HSM →WW )
At the LHC, H → WW is an important channel to
search for new scalars in the high-mass region. From
Fig. 11, we see that the ratio of the signal strengths is
suppressed very much for pseudoscalar H03 in this model.
However, it can also decay through H03 → l¯M lM →
l¯φSlφ
∗
S , where φS is invisible and considered as missing
transverse energy (EMT ). Thus, the signal of this pro-
cess is identified with 2 leptons and missing EMT , which
mimics the signal for WW decay of a scalar such as the
SM Higgs boson: HSM → W+W− → l¯νlν¯. For the case
mlM = 102 GeV, mH = 210 − 500GeV, both the mirror
lepton intermediate states are on-shell.
Γ
(
H03 → l¯M lM
)
=
g2m3
H03
t2M
256pi m2W
τlM
√
1− τlM , (73)
where τlM = 4m
2
lM /m
2
H03
, and
Γ
(
lM → lφ∗S
)
= g2sl
mlM
32pi
. (74)
Similar to the previous comparisons, we define the signal
strength
µll¯ = RH03
Br
(
H03 → l¯M lM
)
Br
(
lM → lφ∗S
)
Br (HSM →W+W−)Br (W → lν¯) , (75)
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where Br (W− → lν¯) = 0.108 [12]. With MR = 50 GeV,
lM → νRν¯l is kinamatically possible.
Br
(
lM → lφ∗S
)
=
Γ
(
lM → lφ∗S
)
Γ (lM → lφ∗S) + Γ (lM → νRν¯l)
.
(76)
It is clear that the ratio µll¯ depends on the value of
gsl. The search for a high-mass Higgs boson in H →
W+W− → lν¯ l¯ν was carried out at both ATLAS (in
the range 260 − 1000 GeV [29]) and CMS (in the range
145 − 1000 GeV) [20]. No excess over the background
was detected in the entire mass region that was scanned.
The observed 95% CL upper limit on the ratio of the
signal strengths is below µ = 1 all the way up to mH ≈
600 GeV [20]. Therefore, we can set upper limits as µll¯ ≤
1 and hence, gsl ≤ 10−3.
VI. CONCLUSIONS
The 125-GeV object has presented us with a challenge
to understand its nature: Is it really the SM Higgs boson
as it appears to be or is it simply an impostor? So far,
the only data available to us are given in terms of the
so-called signal strengths, µ, as defined in Eq. (45). The
signal strengths for the various decay modes of the SM
Higgs boson are consistent with data. However, It turns
out that it might be possible for various BSM models
to be consistent with experiment also based solely on
such signal strengths. This is what we have shown in
this paper in the context of the EWνR in its extended
version.
As we have described in the beginning of our paper,
the EWνR [5] was invented with the purpose of realizing
the seesaw mechanism at the electroweak scale instead
of some GUT scale. As such one can directly test the
seesaw mechanism at the LHC and at the proposed ILC
through the physics associated with the model such as
lepton-number violating production of electroweak-scale
Majorana right-handed neutrinos and -this is the subject
of the present paper- Higgs physics beyond that of the
SM.
The extended EWνR model discussed in this paper
contains three neutral CP-even mass eigenstates, H˜, H˜ ′
and H˜ ′′, which are linear combinations ofH01 , H
0
1M which
couple to SM fermions and mirror fermions respectively
and H0′1 which couples only to νR’s. The notation for
the mass eigenstates H˜, H˜ ′ and H˜ ′′ refers to states with
increasing masses. We scanned the parameter space with
the following requirements in mind: 1) The mass of the
lightest state should be ∼ 125 GeV; 2) The mixing an-
gles should be such that the signal strengths fit the data
from CMS and ATLAS. We found many combinations
of H01 , H
0
1M and H
0′
1 which satisfy those requirements.
What is interesting here is the dual nature of the 125-GeV
scalar that we uncovered in our scanning of the param-
eter space: 1) There are states with the SM-like scalar
H01 as a dominant component; 2) There are states with
H0′1 as a dominant component and is thus very unlike
that of the SM model. In other words, these states are
impostors. All of these states - and we are far from ex-
hausting the parameter space - yield the signal strengths
compatible with the CMS and ATLAS data.
It goes without saying that detailed studies of various
properties of the 125-GeV scalar such as the total width,
partial widths, ..., are needed to determine if it were in-
deed the SM Higgs boson or just simply an impostor. Of
course, a discovery of one or several extra scalars would
definitely point toward physics beyond the SM. In the ex-
tended EWνR model, although the aforementioned 125-
GeV -like scalars all yield comparable signal strengths,
details such as production cross sections, branching ra-
tios, total widths and partial widths can differ quite a bit
from one another. States with H01 as a dominant compo-
nent (Dr. Jekyll) tend to behave more like the SM Higgs
boson while the scenario in which H01 as a sub-dominant
component (Mr. Hyde) is very different. In other words,
we may have discovered a scalar which is involved in the
electroweak symmetry breaking but which may not be the
SM Higgs boson.
If, in the absence of direct measurements of decay
widths, how could one tell Dr. Jekyll from Mr. Hyde?
First, it goes without saying that a discovery of one or
more extra scalars will definitely point to BSM physics.
In the context of the EWνR model, if the extra states
are broad and strongly interacting, we would be dealing
with Dr. Jekyll’s scenario which is more SM-like in terms
of the 125-GeV scalar. On the other hand, if the extra
states are narrow resonances, we would be facing a truly
interesting scenario, that of Mr. Hyde in which the 125-
GeV scalar is truly an impostor. Direct measurements of
decay widths in this case would confirm whether or not
this is the case.
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Appendix A: Some couplings in the Extended EWνR
Model
Here we tabulate all the couplings of the custodial
scalars, which are relevant for calculating the signal
strengths in various decay channels, in different scenarios
considered in this paper.
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TABLE V. Yukawa couplings with SM quarks and mirror-quarks in the EWνR model.
SM Quarks Mirror Quarks
gH01qq
−ı mq g
2 MW s2
....(q = t, b) gH0
1M
qM qM −ı
mMq g
2 MW s2M
gH03 tt
ı
mt g sM
2 MW cM
γ5 gH03uMi uMi
−ı
muMi
g sM
2 MW cM
γ5
gH03bb
−ı mb g sM
2 MW cM
γ5 gH03dMi d
M
i
ı
mdMi
g sM
2 MW cM
γ5
g
H−3 tb
ı
g sM
2
√
2 MW cM
[
mt(1 + γ5)−mb(1− γ5)
]
g
H−3 u
M
i b
M
i
ı
g sM
2
√
2 MW cM
[
muMi
(1− γ5)−mdMi (1 + γ5)
]
gH0
3M
tt −ı
mt g s2M
2 MW s2
γ5 gH0
3M
uMi u
M
i
−ı
muMi
g s2
2 MW s2M
γ5
gH0
3M
bb ı
mb g s2M
2 MW s2
γ5 gH0
3M
dMi d
M
i
ı
mdMi
g s2
2 MW s2M
γ5
g
H−
3M
tb
ı
g s2M
2
√
2 MW s2 cM
[
mt(1 + γ5)−mb(1− γ5)
]
g
H−
3M
uMi d
M
i
ı
g s2
2
√
2 MW s2M cM
[
muMi
(1−γ5)−mdMi (1+γ5)
]
gH01 ll
−ı ml g
2 MW s2
....(l = e, µ, τ) g
H0
1M
lM l
M −ı m
M
l g
2 MW s2M
gH03 ll
−ı ml g sM
2 MW cM
γ5 gH03 lMi l
M
i
ı
mlMi
g sM
2 MW cM
γ5
g
H−3 νLl
−ı g ml sM
2
√
2 MW cM
(1− γ5) gH−3 νRilMi −ı
g mlMi
sM
2
√
2 MW cM
(1 + γ5)
gH0
3M
ll ı
ml g s2M
2 MW s2
γ5 gH0
3M
lMi l
M
i
ı
mlMi
g s2
2 MW s2M
γ5
g
H−
3M
νLl
−ı g ml s2M
2
√
2 MW s2 cM
(1− γ5) gH−
3M
νRil
M
i
−ı
g mlMi
s2
2
√
2 MW s2M cM
(1 + γ5)
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TABLE VI. S1S2V type couplings: V is a vector gauge boson and S1, S2 are Higgs/Nambu-Goldstone bosons. Common factor:
ıg(p− p′)µ, where p(p′) is the incoming momentum of the S1(S2).
g
H05H
−
5 W
+ −
√
3
2
g
H++5 H
−−
5 Z
− (1− 2s
2
W )
cW
g
H+5 H
−−
5 W
+ − 1√
2
g
H+5 H
−
5 Z
(1− 2s2W )
2cW
g
H03H
−
3 W
+ −1
2
s2M gH+3 H
−
3 Z
(1− 2s2W )
2cW
g
H0
3M
H−
3M
W+
1
2
g
H+
3M
H−
3M
Z
(1− 2s2W )
2cW
g
H+3 H
−−
5 W
+ − 1√
2
cM gH+3 H
−
5 Z
− 1
2cW
cM
g
H03H
−
5 W
+ −1
2
cM gH03H05Z
1√
3
cM
cW
g
H05H
−
3 W
+ − 1
2
√
3
cM gG+3 G
−
3 Z
(1− 2s2W )
2cW
g
G03G
−
3 W
+ −1
2
gG03H05Z
1√
3
sM
cW
g
G+3 H
−−
5 W
+ − 1√
2
sM gG+3 H
−
5 Z
− 1
2cW
sM
g
G+3 H
−−
5 W
+ − 1√
2
sM gH01G03Z
s2
cW
g
G03H
−
5 W
+ −1
2
sM gH0
1M
G03Z
s2M
cW
g
H05G
−
3 W
+
1
2
√
3
sM gH0′1 G03Z
√
2
3
sM
cW
g
H05G
−
3 W
+
1
2
√
3
sM gH01H03Z
− s2sM
2cMcW
g
H01G
−
3 W
+
1
2
s2 gH0
1M
H03Z
− s2MsM
2cMcW
g
H0
1M
G−3 W+
1
2
s2M gH0′1 H03Z
√
2
3
cM
cW
g
H0′1 G
−
3 W
+
√
2
3
sM gH+5 H
−
5 γ
sW
g
H01H
−
3 W
+ −s2sM
2cM
g
H++5 H
−−
5 γ
−2sW
g
H0
1M
H−3 W+
−s2MsM
2cM
g
H+3 H
−
3 γ
sW
g
H0′1 H
−
3 W
+
√
2
3
cM gH+
3M
H−
3M
γ
sW
g
H01H
−
3M
W+
− s2M
2cM
g
G+3 G
−
3 γ
sW
g
H0
1M
H−
3M
W+
s2
2cM
gH01H03MZ
s2M
2cM
gH0
1M
H0
3M
Z −
s2
2cM
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TABLE VII. SV1V2 type couplings: V1 and V2 are vector gauge bosons and S is a Higgs boson. Common factor: ıgMW g
µν .
gH05W+W−
sM√
3
gH05ZZ
− 2√
3
sM
c2W
g
H++5 W
−W−
√
2sM gH+5 W−Z
−sM
cW
gH01W+W−
s2 gH01ZZ
s2
c2W
gH0
1M
W+W− s2M gH0
1M
ZZ
s2M
c2W
gH0′1 W+W−
2
√
2√
3
sM gH0′1 ZZ
2
√
2√
3
sM
c2W
TABLE VIII. S1S
†
1V1V2 type couplings. Common factor: ıg
2gµν .
gH05H05W+W−
5
3
gH05H05ZZ
2
3c2W
g
H+5 H
−
5 W
+W− −
3
2
g
H+5 H
−
5 ZZ
− (c
4
W + s
4
W )
c2W
g
H++5 H
−−
5 W
+W− 1 gH++5 H
−−
5 ZZ
2
(1− 2s2W )2
c2W
gH03H03W+W−
− (1 + c
2
M )
2
gH03H03ZZ
− 1
2c2W
(1 + 3c2M )
g
H+3 H
−
3 W
+W− −(
1
2
+ c2M ) gH+3 H
−
3 ZZ
−
[
s2M
2
(1− s2W )2
c2W
+ c2M
(c4W + s
4
W )
c2W
]
gH0
3M
H0
3M
W+W− −
1
2
gH0
3M
H0
3M
ZZ
1
2c2W
g
H+
3M
H−
3M
W+W− −
1
2
g
H+
3M
H−
3M
ZZ
− (1− 2s
2
W )
2
2c2W
gG03G03W+W−
− (1 + s
2
M )
2
gG03G03ZZ
− 1
2c2W
(1 + 3s2M )
g
G+3 G
−
3 W
+W− −(
1
2
+ s2M ) gG+3 G
−
3 ZZ
−
[
c2M
2
(1− s2W )2
c2W
+ s2M
(c4W + s
4
W )
c2W
]
gH01H01W+W−
1
2
gH01H01ZZ
1
2c2W
gH0
1M
H0
1M
W+W−
1
2
gH0
1M
H0
1M
ZZ
1
2c2W
gH0′1 H0′1 W+W−
4
3
gH0′1 H0′1 ZZ
4
3c2W
g
H+5 H
−
5 γγ
−2s2W gH+5 H−5 Zγ −
sW
cW
(1− 2s2W )
g
H++5 H
−−
5 γγ
8s2W gH++5 H
−−
5 Zγ
4
sW
cW
(1− 2s2W )
g
H+3 H
−
3 γγ
−2s2W gH+3 H−3 Zγ −
sW
cW
(1− 2s2W )
g
H+
3M
H−
3M
γγ
−2s2W gH+
3M
H−
3M
Zγ
−sW
cW
(1− 2s2W )
g
G+3 G
−
3 γγ
−2s2W gG+3 G−3 Zγ −
sW
cW
(1− 2s2W )
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TABLE IX. More S1S2V1V2 type couplings. Common factor: ıg
2gµν .
gH0′1 H05W+W−
√
2
3
gH0′1 H05ZZ
−2
√
2
3c2W
g
H+3 H
−
5 W
+W− −
cM
2
g
H+3 H
−
5 ZZ
cM
(1− 2s2W )
c2W
gH03G03W+W−
−cMsM
2
gH03G03ZZ
−3
2
cMsM
c2W
g
H+3 G
−
3 W
+W− −cMsM gH+3 G−3 ZZ −
cMsM
2c2W
g
H+5 G
−
3 W
+W− −
sM
2
g
H+5 G
−
3 ZZ
sM
(1− 2s2W )
c2W
g
H+3 H
−
5 Zγ
cM
sW
cW
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Appendix B: Partial decay widths of neutral Higgs
In this section we will discuss various production and
decay channels relevant for studying properties of H˜, H˜ ′
and H˜ ′′ [25]. Out of these H0 → γγ, gg - type decays
(and also the Higgs boson production through gg → H)
have only one loop contributions at the leading order
(LO) and decays like H0 →WW, ZZ, ff¯ can take place
through tree level interactions. We show calculation of
the decay width Γ(H → γγ) up to LO in QCD. We will
show how all the other relevant decay widths can be cal-
culated easily from the corresponding SM values modified
by a multiplicative factor. We calculate these widths in
EWνR model from the SM values given in [25].
1. H→ gg
A custodial singlet Higgs boson decays to two gluons
through triangle loops of fermions at LO. Unlike H0 →
γγ channel this channel does not have a ‘clean’ signal
at a hadron collider like the LHC due to the large QCD
background. However, gluon-gluon fusion channel (gg →
H) is the most dominant production channel for a neutral
Higgs and hence, Hgg coupling becomes important while
studying the signal strengths of Higgs bosons for various
decay channels.
The production cross section of gg → H0 is related to
the width of H0 → gg by
σ(gg → H0) ∝ Γ(H0 → gg) , (B1)
where the constant of proportionality includes phase
space integrals and the mass of H0 (refer to Eq. (2.30)
in [30]). Therefore, for a given mass of Higgs,
σEWνR (gg → H0)
σSM (gg → H0) =
ΓEWνR (H
0 → gg)
ΓSM (H0 → gg) . (B2)
Hence, to calculate the signal strengths µ(H-decay), we
use Γ(H0 → gg) instead of Γ(H0 → gg), since we are only
interested in the ratios of the production cross-sections
in the SM and the EWνR model.
Consider a general scalar mass-eigenstate H0 that is
also a CP-even state in some model of BSM Physics.
The relevant part of the interaction Lagrangian is [30]
Lint =−mf
vH0
ψ¯ψH0 + g MW λW W
+
µ W
µ−H0
+
g λS
MW
S+S−H0 , (B3)
where vH0 is the vacuum expectation value of H
0, v =
2MW /g ∼
√∑
all H0’s v
2
H0 , ψ is a fermion of mass mf ,
S± is a charged BSM scalar. For SM λW = 1/
√
2, λS =
0. For a general (CP-even) Higgs boson H0 that couples
to the SM quarks with Yukawa coupling in the equation
above, the decay width of H0 → gg is given by
Γ(H0 → gg) = α
2
S g
2m3H0
128pi3M2W
∣∣∣∣∣∑
i
1
2 vH0/v
F1/2(τi)
∣∣∣∣∣
2
,
(B4)
where, for a loop of quark having mass mi,
τi = 4m
2
i / mH0 [30], and F1/2(τ) is given by
F1/2(τ) = −2 τ [1 + (1− τ)f(τ)] . (B5)
f(τ) =
[
sin−1
(
1/
√
τ
)]2
, if τ ≥ 1,
=
1
4
[Log (η+/η−) − ıpi]2 , if τ < 1; (B6)
where
η± ≡ (1±
√
1− τ) . (B7)
In [25] the partial width ofH0 → gg in SM is calculated
up to the NLO in QCD. We calculate Γ(H0 → gg) in the
EWνR model using these SM values. Using Eq. (42) and
Table V this decay width can be given by
ΓEWνR(H˜ → gg) = ΓSM (H0SM → gg) ×
1∣∣F1/2(τtop)∣∣2
×
∣∣∣∣∣a1,1s2 F1/2(τtop) + a1,1Ms2M ∑i F1/2(τMFi)
∣∣∣∣∣
2
(B8)
where H0 denotes H˜, H˜ ′ and H˜ ′′;
∑
i is over all the
mirror quarks; τMFi = 4 m
2
MFi/m
2
H0 . a1,1 and a1,1M
are elements of the square matrix in Eq (42) - they are
coefficients of H01 and H
0
1M in H˜ respectively.
2. H0 → γγ
For a custodial singlet Higgs boson, the decay to two
photons also proceeds through one loops at LO. It is a
‘clean’ channel due to the absence of a large QCD back-
ground. Therefore, in the study of 125-GeV Higgs boson,
decay to diphoton is an important channel at CMS and
ATLAS [22, 31].
For a general Higgs mass eigenstate H0 having cou-
plings as given in Eq (B3) the decay width of H0 → γγ
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is given by [30]:
Γ (H0 → γγ) = α
2 g2
1024 pi3
m3H0
M2W
∣∣∣∣∣∑
i
Nci Q
2
i Fs(τi)
∣∣∣∣∣
2
.
(B9)
Here
∑
i is performed over all the particles of spin-s
which contribute to H0 → γγ, s = spin-0, spin-1/2, and
spin-1 is the spin of ith particle, Qi is the electric charge
in units of e, and
F1(τ) = λW τ [3 + (4− 3 τ)f(τ)] ,
F1/2(τ) = −2 τ [1 + (1− τ)f(τ)] ,
F0(τ) = 2 λS [1− τf(τ)] , (B10)
with τ = 4 m2i /m
2
H0 and f(τ) is given by Eq (B6).
Setting vH0 = v gives the H
0
SM → γγ decay width
in SM. Here, the contributions from the charged leptons
and quarks (except the top quark loop) are negligible as
compared to the contribution from W±. Note that F1(τ)
includes contributions only from the transverse polariza-
tion of the W -boson; the contribution from the Nambu-
Goldstone bosons must be added separately using F0(τW )
2.
Based on Eq (B9) we define the amplitude forH0 → γγ
as
A(H0 → γγ) =
√
α2 g2
1024 pi3
m3H0
M2W
(∑
i
Nci Q
2
i Fs(τi)
)
.
(B11)
Then, in the EWνR model, we see from Eq (42) that
ΓEWνR(H˜ → γγ) =
∣∣∣a1,1 AEWνR(H01 → γγ)
+ a1,1M AEWνR(H01M → γγ)
+ a1,1′ AEWνR(H0′1 → γγ)
∣∣∣2 , (B12)
where a1,i with (i = 1, 1M, 1
′) are the coefficients of H01 ,
H01M and H
0′
1 in H˜ mass eigenstate, respectively; these
are the elements in the first row of the mixing matrix
{ai,j} in Eq (42).
The W±, G±3 loops and the scalar loops with H
±
3 ,
H±3M , H
±
5 and H
±±
5 contribute to AEWνR(H01 → γγ),
AEWνR(H01M → γγ) as well as AEWνR(H0′1 → γγ). The
SM fermion loops contribute only to AEWνR(H01 → γγ),
2 The formulae given above in Eq (B3), Eq (B10) are a bit different
from Eqs (2.15), (2.17) in [30]. We try to give formulas for a
general BSM model (e.g. using a general vH0 , λW and λS)
while the charged mirror fermion loops contribute only
to AEWνR(H01M → γγ). No fermion loops contribute to
AEWνR(H0′1 → γγ).
Various Feynman rules necessary for these calculations
can be read from Tables V−IX and the three-point scalar
Feynman rules can be obtained from Eq. (32).
Before the custodial symmetry is broken all the mem-
bers of a scalar custodial multiplet are degenerate (refer
to Eq. (40)), e.g. H03 and H
+
3 have the same mass and
so on. But once the custodial symmetry is broken at the
loop level, different custodial multiplet members can have
different masses. This mass splitting can also be due to
some terms in the Lagrangian that break the custodial
symmetry explicitly (not given explicitly in this paper).
Assuming such non-degenerate scalars, the partial
width of H˜ → γγ depends on the following variable pa-
rameters in EWνR model:
• Masses of H±3 , H±3M , H±5 and H±±5 ,
• s2, s2M , sM ,
• Masses of charged mirror leptons and mirror
quarks,
• Scalar self-couplings: λ1, λ2, λ3, λ4, λ5, λ8,
• Elements of the 3 × 3 {ai,j} mixing matrix in
Eq. (42).
Note that not all of these parameters are independent,
e.g. once we fix s2, s2M , it automatically fixes sM . An-
other example is: scalar self-couplings and mixing matrix
elements must vary so as to give the mass of the lightest
scalar mass eigenstate about 125 GeV .
3. Tree level decays of H˜
Tree level decay channels of a neutral (CP-even) scalar
include decays to two fermions and to W+W−, ZZ. In
this subsection, first we show how the decay widths of
these decays in the EWνR model are related to the widths
in SM.
Although at the LO these decays have only the tree
level contributions, the NLO QCD+EW corrections be-
come significant at about 5% accuracy [25]. Because the
decay widths of these channels at tree level in the EWνR
model and in SM are related by a multiplicative factor
(as explained below), by using SM decay widths to cal-
culate the EWνR decay widths, these NLO contributions
are automatically included in our results.
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For vertices involving mirror fermions, the QCD+EW
corrections are different from the corrections for SM
quarks (in SM, non-negligible QCD corrections only come
from the top quark). Because masses of the mirror
quarks, that we have considered in this paper, are of the
same order as the top quark, the NLO corrections due
to the mirror quarks can be assumed to have the same
magnitude as those due to the top quark, up to a ∼ 5%
accuracy. The different tree level couplings in the EWνR
model can be found in Tables V and VII.
Note that, in general, the predictions for the signal
strengths of various decay channels in the EWνR model
are stated up to ∼ 5% accuracy. When the Yukawa cou-
plings of H01M with the mirror fermions become large in
Dr. Jekyll scenario (section IV B), extra QCD corrections
can be dominant so as to reduce this accuracy.
a. H˜ → WW, ZZ
The H01V V , H
0
1MV V and H
0′
1 V V couplings (V =
W±, Z) in the EWνR model are suppressed by s2 =
v2/v, s2M = v2M/v and sM = 2
√
2vM/v respectively,
as compared to H0SMV V couplings in SM. Hence, using
Eq. (42) the decay widths for the custodial singlet Higgs
mass eigenstates H˜, H˜ ′, H˜ ′′ are given by
ΓEWνR(H˜ →WW, ZZ) = ΓSM (H0SM →WW, ZZ)×
|a1,1 s2 + a1,1M s2M + a1,1′ 2
√
2√
3
sM |2 . (B13)
b. H˜ → f f¯
The decays of H˜, H˜ ′, H˜ ′′ to two fermions take place
through the tree level Yukawa couplings at the LO, when
the decaying scalar is at least twice as much massive as
the fermions.
It can be seen from Table V that the Yukawa cou-
plings of the charged SM fermions with H01 and H
0
1M
are enhanced by factors 1/s2 and 1/s2M , respectively,
as compared to the corresponding couplings with H0SM
in SM. Also, H0′1 does not couple to particle-antiparticle
pairs of charged fermions. Hence, the decay widths to
SM fermions can be calculated from the corresponding
SM decay widths given in [25] and using Eq (42). De-
cay widths calculated in this way also include NLO QCD
corrections that are taken into account in [25].
The partial widths of decays to SM fermions are given,
in terms of the corresponding widths in SM, by
ΓEWνR(H˜ → f f¯) = ΓSM (H0 → f f¯)×
∣∣∣∣a1,1s2
∣∣∣∣2 ,
(B14)
On the other hand, the partial widths of decays to two
charged mirror fermions need to be calculated explicitly.
We calculate these up to LO, i.e. up to ∼ 5% accuracy,
since the NLO-QCD corrections become important for
further accuracy . These partial widths are given by
ΓEWνR(H˜ → fM f¯M ) = g
2
32pi
m2fM
M2W
a21,1M
s22M
mH˜
×
(
1− 4 m
2
fM
m2
H˜
)3/2
. (B15)
4. Total width of H˜
The total widths of a mass eigenstates H˜, H˜ ′, H˜ ′′ can
be calculated by adding individual partial widths of var-
ious decay channels. We consider all the kinematically
allowed channels among W+W−, ZZ, γγ, gg, bb¯, tt¯, τ τ¯ ,
µµ¯, cc¯, lM l¯M and qM q¯M .
For H˜, Eq. (46):
ΓH˜ = ΓH˜→bb¯ + ΓH˜→ττ¯ + ΓH˜→cc¯ + ΓH˜→W+W−
+ ΓH˜→ZZ + ΓH˜→gg + ΓH˜→γγ .
For H˜ ′, Eq. (56):
ΓH˜′ =
3∑
i=1
ΓH˜′→qMi q¯Mi +
3∑
j=1
× ΓH˜′→lMj l¯Mj
+ ΓH˜′→tt¯ + ΓH˜′→bb¯
+ ΓH˜→ττ¯ + ΓH˜→cc¯ + ΓH˜′→W+W−
+ ΓH˜′→ZZ + ΓH˜′→gg + ΓH˜′→γγ .
Appendix C: Amplitude of H03 →WW/ZZ
The processes such as H03 → WW/ZZ in this model
only take place at loop level. At 1 loop, the Feynman
diagrams are:
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H03
t, uM , νR
W−
t, uM , νR
W+
b, dM , eR
H03
b, dM , eR
W+
b, dM , eR
W−
t, uM , νR
FIG. 12. Feynman diagram of H03 →W+W−. We have three
generations of mirror quarks and three generations of mirror
leptons
H03
f
Z
f
Z
f
FIG. 13. Feynman diagram of H03 → ZZ. Here, f =
uM1 , d
M
1 , u
M
2 , d
M
2 , u
M
3 , d
M
3 , and three charged mirror leptons
lM
With the couplings in Table V, the amplitude can be
expressed as [28]
A(H03 → V V ) = m2utMAVu −m2dtMAVd (C1)
Here, u, d represent t, b; uiM , d
i
M ; ν
j
R, l
j
M . Two inter-
mediate functions AVu , A
V
d are expressed in terms of loop
functions, C, F [32]:
• H03 →W+W−
AWu =
1
2
[C(m2W ;m
2
u,m
2
d) + F (m
2
W ;m
2
u,m
2
d)]
AWd =
1
2
[C(m2W ;m
2
d,m
2
u) + F (m
2
W ;m
2
d,m
2
u)]
(C2)
• H03 → ZZ
AZf = [
(T3 −Qsin2θW )2
cos2θW
+ (
Qsin2θW
cosθW
)2]C(m2Z ;m
2
f )
+[
(T3 −Qsin2θW )2
cos2θW
− (Qsin
2θW
cosθW
)2]F (m2Z ;m
2
f )
(C3)
C,F are generally defined in terms of the ’t Hooft-
Veltman scalar loop integrals [32]. However, in this case
we have top quark and heavy mirror fermions, which al-
lows us to use asymptotic forms in the high-mass limit:
C(m2V ;m
2
u,m
2
d) =
1∫
0
dx
x∫
0
dy
1
D
,
F (m2V ;m
2
u,m
2
d) = −
1∫
0
dx
x∫
0
dy
1
D
, (C4)
where
D = m2H03
(1− x)(1− y) +m2V (1− x)
+m2V y(x− y)−m2u(1− y)−m2dy . (C5)
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